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Wafer Scale Union

Final Report

Introduction

This report covers the period 4/01/89 to 5/31/92 of contract

#F49620-89-C-0056 P00004. The investigation supported by this

contract was a study of the optical control and interconnection of

high frequency devices. In particular, the control aspect studied

the use of light to generate millimeter waves from three-terminal

semiconductor devices. The interconnection portion involved on-

wafer light guides, high frequency polymer modulators, and the use

of picosecond, mode locked semiconductor lasers.

New devices and systems were extensively explored as part of

this effort. These range from the direct-write polyimide waveguide

and polymer modulators to new types of hot electron transistors and

optically driven Quantum Well Impatts. In an effort to integrate

our systems with silicon, we also fabricated InSb devices on

silicon using a radical new approach.

Our picosecond testing program was also significantly extended

to measurements of optical responses of HEMTs and HBTs to well over

100 GHz. Other response experiments were made on hot electron and

MMIC circuits for the first time. These picosecond measurements

were also used to measure our optical guide bandwidth in a series

of novel experiments.

Virtually all of the pieces discussed in our Wafer Scale Union



proposal have been successfully investigated. The actual

components are currently being brought together to examine the

concept of actually using them in a wafer scale integrated system.

Program Description

The program we have completed will be discussed in three basic

sections. The first will deal with the important developments in

optically controlled generation of millimeter waves. This work

started from earlier results of mixing high frequencies internally

using FETs and HEMTs. In this study, these initial experiments

were successfully extended to radiating systems in free space to

using new HBTs and semiconductor lasers.

Section (B) will deal with our advanced picosecond

measurements and HEMTs, HBTs and Hot Electron Transistors. It will

also present our measurements of bandwidths of channel guides on

wafers using our mixing and picosecond techniques.

Finally, in section (C), we discuss the new Quantum Well

Impatt, polymer modulators, optical guide developments and InSb

devices. Many of these new concepts are just becoming sufficiently

developed to be useful in our Wafer Scale Union experiment. The

overall view of integration is discussed in this third section.
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Section A: Optical Generation of Millimeter Waves

Numerous researchers have demonstrated that FETs, HEMTs and

HBTs can be used as optical detectors. Using mixing techniques we

have shown that these systems can work well over 100 GHz. They

have performance considerably above fT since they have reduced

input parasitics in this application. Our effort here is unique in

that we actually generate radiating millimeter waves from optically

coupled devices.

Picosecond excitation was first used in these experiments

because of its power levels and simplicity of operation . In Figure

1, we showed the basic system using an antenna structure developed

Millimeter Wave
Bandpass Filter

Receiving Transmitting
FET Antenna FET Antenna

Circuit Circuit

EFET FET

IF
A m plifier Klystro n

Spectrum (LO) Picosecond Pulse Train Gate
Analyzer (578nm, 2 psec, 76 MHz) Modulation

Computer

Figure 1: System using FETs switched with optical picosecond
pulses and having integrated antenna structures.
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earlier. The signal (Figure 2) was radiated and heterodyne

REF -50dBm

10 dB'

...... ............... ........... S A 0 ~SPAN 700 MHz

Figure 2: Millimeter wave signal mixed and displayed on

spectrum analyzer.

detected by a similar FET-planar antenna system. The system had

immediate application for real time spectroscopy and the results

are shown in Figure 3.

REF -SOdBm

5 dB/

SPAN 700 MHz

Figure 3: Transmitted signal through filter. Note that the
lower sideband is completely attenuated.
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The next step was to do this generation experiment via mixing

cw lasers. Configured in a transmitter/receiver system (Figure 4),

CW Millimeter Wave Radiation

OSA Oe4 1 "•L•IeNe Laser Laser Beam

Wavemeter %7ein Millimeter. Wave1 Receiving
FET Antenna

Circuit
FI

Signals

Soi snur 5ossible
FET Antenna _ _

Circuit nl.

SFilter Computjer

Figure 4: Setup for CWV generation of millimeter waves using
a tunable dye laser.

we obtained the mixing signal shown in Figure 5. It was possible

to hold the HeNe laser frequency constant and tune the dye laser

over 30 GHz to get tunable output 2 . Furthermore, by putting a

microwave signal on the gate, it was possible to continuously tune

the system for high resolution studies (Figure 6). Expanding

further, the next step was to increase the power and flexibility of

this approach by adding fiber optical inputs and MMIC amplifiers 3

5



REF -40 dBm

1ldB/

CENTER 1.20 GHz SPAN 500 MHz

Figure 5: Spectrum analyzer output of signal levels.
Stability is on the order of one megahertz.

REF -40 dBm

5dR/

CENTER 1.20 GHz SPAN 332 MHz

Figure 6: Sideband generation obtained from FET.
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after the initial detection element (Figure 7). Use of high

frequency HEMT devices further extended our response and

efficiency.

60 GHz 2 Stage 60 GHz
Coaxial 50-65 GHz Coaxial

Connector ' Discrete MMIC Amplifier Connector
InGaAsI
Device

Capacitive
Decoupling

Figure 7: FET optodetector linked up with a MMIC Amplifier to

increase conversion efficiency.

Next, we explored heterojunction bipolar transistors in this

optical millimeter wave generation effort. The devices we used

were designed for optical coupling and had a window in the emitter.

We found excellent response at 60 GHz, even though these devices

were relatively slow, fT < 30 GHz. One of the most interesting

experiments was when we substituted a mode locked semiconductor

laser for the two gas lasers used in mixing (Figure 8) . Using this

configuration, we immediately generated substantial radiation at 65

GHz (Figure 9). Clearly, the system could be reduced to very

compact sizes in our wafer scale program. The mode locked lasers,

combined with the optical detector, in some sense represents a new

7



optoelectronic oscillator capable of going well into submillimeter

wave ranges.

Mode Locked Laser Diode
Operating at 65.12 GHz --'Laser Beams

GE- Millimeter Waves

Gain-'

Saturable
Absorber M ixer•

Microscope IF Signals
Objective

Oscillator Analyzer
9 ~Collecting I

Transmitting 
C m t

HBT/Antenna
Circuit

Figure 8: Optoelectronic millimeter wave oscillator using
mode locked diode laser and Heterojunction Bipolar
photo transistor.

FIEF -20 d~k

100

NI2ITR 8 8 SPAN 5o oft

Figure 9: Mixed output signal at 65 GHz from system shown in
Figure 8.
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In addition to the semiconductor mode locked lasers, we also

looked at mixing using two tunable DFB lasers as shown in Figure

10. This yielded the results exhibited in Figure 11 and

demonstrated that active frequency locking is essential for this

technology to be used in viable sources.

Optical Mixing Solid State Millimeter Wave Source

13 pm Index Guided LsrBa
DF8 Lasers

111, YIG (< Millimeter Waves

Ixnolatoors

I I. .

oI I

MB~fOS~pe Colectin

Figure 0: Solid stateMmixingFto igeneals mlietrwv

S, I ,I .

;- IF signs..

I I
j . ..... ... ... .. -. .. ..... . .. ... I

CENTEIR £.0Se CH. SPAN 2.65 l•ONEH
RES 8W 3 NE VBW I PIN L SWP 4o ;re,

Figure 11: Radiated mixing signals showing need to frequency

lock diode sources to achieve good frequency
control.

941GzOtu



Section B: High Frequency Testing

In order to extend our measurements to millimeter wave

frequencies, we have refined and extended our picosecond

capabilities (Figure 12).

OPTOELECTRONIC MEASUREMENT SYSTEM

OI C)uDSCOPE COMPUTER Signal out

AUMWRMA70RAMPLIFIER I Rf. In_
Dy. Noe •that t -esa Signal in

rslitser b intesiveycls t
eas me t e HEiu ri

Splitter

DC

Chopper

PICOSECOND ) LASER P FREqUENCYL-DOUBLED
Mi~r LSERNd: YAG IAE

Figure 12: Picosecond system using mode locked laser to pump
dye. Note that the sample is incorporated into
cooled dewar.

Our results have been intensively calibrated so that we can extend

our measurements to Wafer Scale configurations with confidence.

Tests have been made at millimeter wave frequencies of new types of
MMIC circuits . These measurements were taken at both room and low

temperatures and are shown in Figures 13 and 14. Measurements were

also made on the highest frequency HEMT and HBT devices obtained

10



12

10

8 0° K

4

2-

0 4
75 80 85 90 95 100

Freq (GHz)

Figure 13: Measurement of gain of a W Band Amplifier at both
room and low temperatures.

0

02 -10
02*

0
S~~3000 K --

S,-2

P-4

-301

75 80 85 90 95 100

Freq (GHz)

Figure 14: Return losses at both temperatures of the same
device as Figure 13. All of the S parameters can
be measured in this manner.
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from Rockwell (Figure 15), TRW, Hughes and recently from Aerojet.

H21 of an AlGaAs/GaAs HBT
100

10

1 10 100

FREQ(GHz)

Figure 15: Optical measurement of current gain of high
frequency HBT.

The measurements in each case were validated against other

techniques and the bond wire losses and substrate discontinuities

actually determined. In addition to measuring the electrical

properties, the results from direct optical injection into the

active region are also examined in Figures 16 and 17 . Some of the

fastest optical responses we have seen were found in these

experiments at low temperature. Low temperature measurements are

12



230.0 1•

20?.0

184.0 - -1 .
3000 K

138.0 -- - 200 k
"-Q 1 15 . 0 --

92.
•' 92.0 -" -\\- -

09.

a: 46.0 - -

23.0

8.0

-23-0.0I.2.0 30.04. 5. 0. 4. 8 ).09. 0 100.0

DELRY (PSEC)
Figure 16: Response of Rockwell HBT illuminating the base

with optical radiation.

Vd=1.5V

25

__• 300K

0

C')

u.

3: 15-
LL

20K

5 - . . . .. .i .... i•. , . |....

-1.2 -1.0 -0.8 -0.6 -0.4 -0.2 0.0 0.2

Vg(Volts)

Figure 17: Time response of HEMT device to optimal radiation
as a function of gate voltage.
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particularly well suited to our optical technique since we never

have to run high frequency lines into the vacuum chambers.

A new series of coplanar low temperature switches have

recently been developed to extend our measurements to higher

frequencies (Figure 18).

Coplanar Photoconductive Switches

Photoconductor Materials : SOS, GaAs, LT GaAs, ca-Si

Coplanar Strip Coplanar Waveguide

Materials from USC, TRW and Aerojet

Figure 18: New switches using a coplanar geometry and low
temperature grown GaAs and a-Si.
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These measurements using direct injection have now been extended

into the infrared where we will benefit from the "windowing effect"

of the wider bandgap materials. In addition to the extraordinary

range of state-of-the-art three terminal devices obtained from

local industry, we have also tested the highest frequency PIN

diodes available, obtained from Hughes Research.

15
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Optical Interconnection

In terms of optically interconnecting our optoelectronic

devices, we have, in conjunction with Physical optics Corporation,

demonstrated 60 GHz board to board optical interconnection using

polymer bases and microprism couplers. The actual diagram of the

experiment is shown in Figure 19 . The signal after traveling into,

Optical Dye Laser Argon Laser

Spectrum
Analyzer

,-Veje'aser

Wave Polymer-Based
Meter Optical Bus Boards

Input Beam,
With 60 GHz

Modulation

aIsolator O cl
Speixm Directional Coupler Mixer/

Analyzer kAmplifier p~olator Coaxial to

Local Waveguide
Oscillator Transition

Figure 19: High frequency interconnection using optical

techniques.

through and between two optical bus boards with graded index (GRIN)

polymer waveguides total 55 cm. The 22 dB signal to noise ratio

corresponds to a bit error rate (BER) of 10.10 at 60 GHz.
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We also used picosecond pulses to characterize the bandwidth

of polymer gelatin thin film waveguides. Both step index profiles

and graded-index have been examined. The results are shown in

Figure 20 and indicate that the graded device has significantly

higher bandwidth because of its lower dispersion.

80

60

Input

~40

Graded Index

20 Step Index

0 1I I I I I

10 100 1000
Frequency (GHz)

Figure 20: Measurement of polymer gelatin thin film
waveguides using picosecond techniques.
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Section C: New Device and Material Technology

In our measurements of new ultrafast devices, we have also

fabricated and tested, with aid from TRW, a ballistic transport

transistor as shown in Figure 21. By raising and lowering the

Injector

UOVAAV let oilAnatyzer

/ , - -- c e c t io s-

eV.

_____ ____ ____ ____Er

Emitter Base Collector

Figure 21: Hot electron transfer made at UCLA to examine
optical response of ballistic systems.

analyzer barrier potential, we have demonstrated ballistic

transport using dc measurements in these devices (Figure 22). The

optical measurements made with the picosecond laser are shown in

Figure 23. The frequency limitations of our first generation of

devices are dominated by parasitics and the use of such structures

is being examined to new device applications.
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1200

. 1. 1000 
/ VBE 355 mV

334 mV

800

C.' 600311 mV
II

• 400 20m

200

-b.2 -0.1 0.0 0.1
Collector voltage VCB (V)

Figure 22: Electrical test of hot electron device using
collector barrier to determine ballistic
contribution.

8 1 1

20 0 K Vc9 = -. 05V

-. 075V

4 "OV

= 2 ),/ It. . .

0)

,/ \ •jb ---. - - .-----

' o

.. 15V
< -4

-. 20V

-- 5

0 25 50 75 100 125 150
Time (ps)

Figure 23: Visible optical response of a common-base
GaAs/AlGaAs THETA at different collector-base
voltages.
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Because of the limitations of just using new structures, part

of our effort was to investigate the possibility of introducing new

materials, suitable for infrared frequencies, grown in conjunction

with Si. We chose InSb for a number of reasons including its

small, direct bandgap and high mobility. A technique we developed

using BaF2 layers to accommodate the lattice mismatch (Figure 24).

The results are shown in the X-ray diffraction pattern of Figure

25. This material has shown excellent mobility (Figure 26) and we

have fabricated simple MOSFETs (Figure 27) suitable for use in

infrared phototransistors.

InSb 3

8aF2  2ooo0

0InSb 500A

/aF 2  500A
200f \ fl~b500A

__ __ _ __ _ __ __ _ __ _ 0

1 1a111 2  500A

S1

Figure 24: .TnSb, for infrared phototransistors grown on Si
using layers of BaF2.
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Figure 25: Pattern showing successful single crystal growth.

-- 4

> 4-
10 '/50/0/50/4o

u*'E 1,-InSbo/ BaF2 / InSb BaF2 SI
506A/ 500,, /500A/ 500/450 3

2,- 2-1InSb / 8aF2 / InSb / BaF2 S5I
0 3o _;L / 500o0 / 500o0 / 50oo4-5o0

0 3-1nSb / BaF2 / SI
E 3 p / 2000AI 450g

4-Bulk InSb
1o2 600 i

to II

8 12 16

-l 0 -I
Temperature x 1000 ( K )

Figure 26: Mobility of thin film system compares favorable
with bulk and thick layers.
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S DG

In

in IOin

I nSb
BaF2  InSb

InSb __BaF2__
BaF2 InSb

BaF2

Figrre 27 MOSFET transistor fabricated with InSb material.

Another device that we have recently fabricated is a Quantum

Well Impatt for use in optically controlled systems. This

Avalanche device is the first of it's kind and operates far above

conventional devices. The actual system is shown in Figure 28a and

28b and the output, as a free running oscillator at 100 GHz, is

shown in Figure 28c and 28d. This novel device represents a major

step in the development of two terminal devices using modern MBE

techniques. Efforts are now in progress to examine high power

optical control at 100 GHz using these oscillators.
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IF
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Fi-T-±-!- --.00 T- -77
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-n 2500 A- p-+-,. -- --
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VF 1.500/div CV)

Fig. 28a: Band diagram of Fig. 28b: Room temperature
a W-band MQW IMPATT I-V curve for the MQW
structure. IMPATT structure in

Fig. 28a.

too- 100

output power
frequency

-- efficiency N

E --. --- -

0- 9,-

S.. . ... .. ... . .... 90 frequency •o.i GHz"--
0 100 200 300 400 500

bias current (mA)

Fig. 28c: Output power, Fig. 28d: Spectrum of the
frequency and efficiency C.W. MQW IMPATT diode at
as a function of bias 101.3 GHz, the resolution
current for an MQW IMPATT bandwidth is 3 MHz. Both
oscillator under pulsed Fig. 28c and Fig. 28d
operation. correspond to the same

device.

Figure 28

23



Modulator and Phase Shifter

Another device that was essential to our millimeter wave

optical wafer scale effort was the optical modulator and phase

shifter. Because of the limitations on frequency and with

integration, we decided to look at polymer systems. The system we

developed is shown in Figure 29 and uses a thermally set

output coupling
input coupling prism prism

large electrode

* top cladding, polystyrene (5 urn)

U electro-optically active polymer (2 urn)

* bottom cladding, polyurethane (3 urn)

* quartz substrate (0.15 x 1.5 x 3.5 cm)

1 chromium (200 A) and gold (5000 A)

Figure 29: Polymer modular using prism coupling and dc

electrode.

polyurethane polymer with disperse red dye 19 groups.

The traveling wave structure uses the poled polymer with two

cladding layers and the microstrip line aligned above the channel.

24



Function Generator

Polarizer (horizontal) :i• " ::

IBS 20/80 modulato

Nd:YAG PTektronix Scope

A Svecifications:. - -. ,•

-20 W ma outut mrrorbiased Si-detector

-diode pumped reference beam

-single spatial mode

-narrow linewidth

Figure 30: System for demonstrating phase modulation using
polymer modu~lato~r.

Figure 31: Photo of low frequency phase modulation in a
channel guide configuration.

25



We have tested it electronically to 26 GHz and found that the

microwave loss is under 10 dB over the entire range. Our initial

phase modulation experiment at 100 KHz used the configuration shown

in Figure 30 with the resulting signal shown in Figure 31.

Experiments are now in progress with the system shown in Figure 32

up to 26 GHz. The geometry has also been adjusted to support both

polarizations and permit direct amplitude modulation as shown in

Figure 31.

50 ohm microstrip

end coupling
with 20x objectives

polished facets

top cladding, polyurethane (4 urn)

*electro-optically active polymer (2 urn)

* bottom cladding, polyurethane (4 urn)

*quartz substrate

*chromium (200 A) and gold (5000 A)

Figure 32: High frequency traveling wave modulator currently
under test to 26 GHz.
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Using transitions to microstrip from waveguides developed as part

of an- earlier AFOSR proposal, we can now extend these measurements

up to the 75 to 110 GHz band.

In another experiment as part of our program, we developed a

polyimide channel waveguide interconnect system which is suitable

for use on both GaAs and Si substrates. The commercially available

polyimide is spin coated upon the substrates using a buffer layer

of SiO2 . We then use a direct write laser system, as shown in

Figure 33, to form our channel waveguides. Heterodyne systems

Step 1. Deposition of polyimide film

1 Polyimide
SiO 2

SGaAs

Step 2. Localized laser thermal curing

SFocussed Laser beam

X-Y Scan

Step 3. Removal of uncured Polyimide

Polyimide channel

Figure 33: Direct write system for optical connections on
wafer surface.
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where we couple into our HEMT optical detectors show that this has

acceptable losses (- 2 dB/cm) and is extremely versatile. Branching

structures and power dividers are now being examined for system

applications using lower loss filtered polyimide.

Conclusion

Virtually every phase of the Wafer Scale Union program has

been successfully investigated. Papers that have been generated

are included in Appendix A. The next step is to bring these parts

together as shown in Figure 34 to form useful circuits. The

program has had major results in establishing the ability to

generate high frequency cw signals from three terminal devices,

using optical control, for the first time.

All semiconductor systems have been configured and used as

sources. Polymer modulators and optical on-wafer guides have been

tested. Finally, a number of new devices and materials have been

developed. The basic concepts of Wafer Scale Union for millimeter

systems using optical control and interconnections has been

demonstrated.
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Millimeter Wave Wafer Scale Union

HST

Photodetector MMICs

9Phase
Modulator

[ • MMICs

AmplitudeTwnDpl

•} • Modulator AwntDipole
HBT Atna

Photodetector

Figure 34 : Combined system using modulators, phase
shifters, optical transistors, on wafer
optical guides and integrated antenna
structures. This is the direction of our
millimeter wave.
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Wide-Band Millimeter Wave Characterization
of Sub-0.2 Micrometer Gate-Length

AlInAs/GaInAs HEMT's
Mehran Matloubian, Member, IEEE, Steven E. Rosenbaum, Member, IEEE, Harold R. Fetterman,

Fellow, IEEE, and Paul T. Greiling, Fellow, IEEE

Abstract-The S parameters of an AlinAs/GalnAs high electron ductor devices [101 and integrated circuits [111 over a wide
mobiity transistor (HEMT) were measured using a picosecond optoelec- bandwidth. Using photoconductive switches, picosecond electri-
Ironic system over a bandwidth of 100 GHz. These picosecond oploelec- cal pulses can be generated and sampled at a very short distance
Ironic measurements were validated by comparing low frequency mea-
surements to those obtained using on wafer RF probes/vector network from a device. Therefore, the high frequency signals do not have
analyzer, and W-band results to measurements done using a waveguide- to travel through long sections of transmission lines and wave-
to-microstrip transition/vector network analyzer frequency extender. guide transitions, making this technique superior to conventional
This Is the widest bandwidth of measured S parameters reported on a network analyzers. In this study S parameters of A1. 48
single transistor. In 0 .s2As/Gao.47 In0 .53 As HEMTs were measured using picosec-

ond optoelectronic techniques over a 100-GHz bandwidth. To

I. INTRODUCTION validate the optoelectronic measurements the S parameters were
IGHeletro moiliy tansstos (EMTs) re ncras- also measured using on wafer RF probes/network analyzer'IGH electron mobility transistors (HEMT's) ar nra- (over the frequency range of 1-26 GHz) and a network analyzer

H ingly replacing GaAs MESFET's in microwave and rail- als(ove r the frequency range of pro-1s/network analyzer

limeter wave circuits [1, 21. Their higher cutoff frequencies frequency extender (over the frequency range of 75-100 GHz).

combined with lower noise make them more attractive in appli- II. MEASUREMENTS

cations such as millimeter wave low-noise amplifiers 131 and The cross section of the Al 0 48 In0 52 As/Ga0 47ln0 53 As HEMT
mixers 141. In particular A10.481n05. 2As/Gao.471n. 5 3As HEMT's is shown in Fig. 1. The gate-length of the transistor is less than
have demonstrated superior performance over HEMTs made is win a gate-wid th of The maxistraiscles ha
from other material systems 15, 61. However, these transistors 0.2tin with a gate-width of 5010m. The maximum transconduc-wellbeynd he bndwdththatcanbe ance of the device is greater than 1000 ms/mmn. For the
have cutoff frequencies well beyond the bandwidth that can be optoelectronic measurements the AilnAs/GaInAs HEMT was
measured conveniently using conventional network analyzers.
As a result only a small amount of data exists describing the mounted in a test fixture as shown in Fig. 2. The microstrip lines
performance of HEMT's in the W band. By using external were fabricated using Cr/Au on silicon-on-sapphire (SOS) sub-
mixers the present bandwidth of network analyzers has been strates. The sapphire substrates were about 125 pm thick and the
extended to about 100 GHz. But several difficulties arise in microstrip lines were designed to have a 50 0 impedance. The
characterization of devices in the millimeter wave region. At silicon epi-layer was about 0.5 pm thick and was heavily
high frequencies the transistors have to be mounted in test implanted with silicon ions to shorten the carrier lifetime.
fixtures with waveguide-to-microstrip transitions. It is difficult to On each side of the HEMT there are two photoconductive
design wide bandwidth waveguide-to-microstrip transitions that switches that consist of 25 pm gaps in the side microstrip lines.
have low insertion and return loss. The actual S parameters of By applying a DC bias to a photoconductive switch and focusing
the transistor have to be de-embedded from the test fixture and a picosecond laser beam on the gap, fast electrical pulste, are
thg transistion having a high insertion/return loss can cause generated that propagate on the center transmission line. A
using transitions second photoconductive switch is used for sampling of the
erroneous results. eetia uss h eal ftemaueet r ecie

In order to improve and optimize performance of millimeter electrical pulses. The details of the measurements are described
wave transistors it is important to have a simple technique for elsewhere o121.
direct characterization of devices at very high frequencies. Us- Depending on which one of the four optical switches is useding picosecond optoelectronic techniques ultrafast electrical as the generator and which one as the sampler the HEMT can be
pulses can be generated and sampled i7q-e91. These electrical characterized completely in the time-domain. By taking the
pulses can be used to test the response of high speed semicon- Fourier transform of the reflected and transmitted signals and

normalizing it to the Fourier transform of the appropriate input
Manuscript received October 17, 1990. This work was supported in part signal the S parameters of the device can be determined [ 101.

by the Hughes Research Laboratories under the California MICRO program
and in part by the Air Force Office of Scientific Research. III. RESULTS

M. Matloubian and S. E. Rosenbaum were with the Department of
Electrical Engineering, University of California, Los Angeles, CA 90024. Using the picosecond optoelectronic system the time-domain
They are now with Hughes Aircraft Company, Research Laboratories, response of the HEMT was measured and the S parameters of
Malibu, CA 90265. (he HEMT were determined over a bandwidth of 100 GHz. This

H. R. Fetterman is with the Department of Electrical Engineering, is the widest bandwidth of S parameters measured on a single
University of California. Los Angeles. CA 90024.

P. T Greiling is with Hughes Aircraft Company, Research Laboratories. transistor. To validate these measurements the S parameters of
Malibu. CA 90265. similar HEMTs were measured using a wafer RF probe and a

IEEE Log Number 9041650 conventional network analyzer (HP8510) over the frequency of
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Fig. 4. Magnitude and phase versus frequency over frequency range of

15 ~75-100 OHz for optically measured S parameters and measurements by

~'10 MAG

mounted in a W-band ridged waveguide-to-microstrip, transition
0 Op.II..cwhich consists of a Chebyshev stepped impedance transformer

*411o between the WR-10 waveguide and the 50 0 microstrip trans-
mission line 1131. This type of transition was chosen for its

0 0 o broadband characteristics with a center frequency of 90 GHz and
1 5 0 50 100 a passband from 70-110 GHz. The microstrip transmission lines

Freqvency (GM:) were fabricated on 0.005 in. fused silica. The return loss of the
Fig. 3. Maximum available gain (MAG)/maxzmum stable gain (MSG) fixture was measured to be more than 5 dB and the insertion was
versus frequency of AlInAs/GalnAs HEMT calculated from measured S less than 5 dB across the band. The meaured data was dc-em-
parameters by optoelectronic system (0). and from network analyzer inca- bedded from the fixture response using a two tiered technique
surermens using on wafer RF probes (0). (131.

Figs. 4(a) and 4(b) show comparison between S, , and S2 ,
1-26 GHz. From the measured S parameters the maximum measured by the optoelectronic system and network analyzer
available gain (MAG) of the device was calculated. The plot of frequency extender over the range of 75-100 GHz. Measure-
MAO versus frequency (maximum stable gain (MSG) for condi- ment of the W band test fixture revealed a distinct resonant
tionally stable case) for both the optoelectronic measurements waveguide mode propagating from input to output in addition to
and network analyzer measurements are shown in Fig. 3. Very the inicrostrip transmission line. This resonance has a tendency
good agreement can be seen between both techniques over the to mask the performance of the device under test to. some
range of frequency overlap. degree. Measurements of S,, and S22 are affected most by the

It is also important to find the accuracy of the optoelectronic resonance; S2 , and S,2 are impacted to a lesser degree. The
measurements at millimeter wave frequencies. For this purpose effect of this resonance on the transistor data may be seen as a
an AlInAs/GalnAs HEMT was tested using a W-band (75-100 distinct ripple in the magnitudes of S parameters. From Fig.
GKz) network analyzer frequency extender. The dcvice was 4(b) the agrcement between S21 measurements using thc two
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techniques is quite good. Due to the ripples in network analyzer tiers," in IEEE MTT-S Int. Microwave Syrup. Dig., 1989, pp.
measurements Sit results have discrepancies. Both the network 801-804.
analyzer and the picosecond optoelectronic measurements show 141 S. A. Maas, "Design and performance of a 45-0Hz HEMT

the ffets f sorceindctace de t th bod wies.miswrnmixer," IEEE Trans. Microwave Theory Tech., vol. MTI'r-34,the ffets f surc inuctncedue o te bnd ire. Tis ill no. 7, pp. 799-803, 1986.
be discussed in connection with the equivalent circuit model and [5] U. K. Mishra, A. S. Brown, S. E. Rosenbaurn, C. E. Hooper,
high frequency performance elsewhere [14]. M. W. Pierce, M. i. Delaney, S. Vaughn, and K. White,

"Microwave performance of AI~nAs-GalnAs HEMT's with 0.2-
IV. CONCLUSION and 0.1l-pm gate length," IEEE Electron Device Letu., vol.

EDL-9, no. 12, pp. 647-649, 1988.
S parameters of an AilnAs/GalnAs HEMT was measured [61 U. K. Mishra, A. S. Brown, M. i. Delaney, P. T. Greiling, and
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menits by a W-band network analyzer showed excellent agree- [8] K. J. Weingarten, M. i. W. Rodweil, and D. M. Bloom,

mentforS,~andSI2 but her wee lmitd byde-mbedin ~n"picosecond optical sampling of GaAs integrated circuits," IEEE
meri fo S• andSI2butthee wee lmitd b de-mbedin inJ. Quantum Electron., vol. QE-24, no. 2, pp. 198-220, 1988.
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Use of Picosecond Optical Pulses and FET's
Integrated with Printed Circuit Antennas to

Generate Millimeter Wave Radiation
D. C. Ni, D. V. Plant, M. Matloubian, and H. R. Fetterman

Abstract--Millimeter wave radiation has been generated from FET's u,i,"m.l, We."
and HEMT's, integrated with printed circuit antennas, and illuminated Receivin Benips Fil Transmitting

with picosecond optical pulses. Modulation of the millimeter waves was itwwrftd integral"
achieved by applying s swept RF signal to the transistor gate. Using this Ccuit Circuit
technique, tunable electrical sidebands were added to the optically
generated carrier providing a method of transmitting information and m
doing high resolution spectroscopy. Heterodyne detection demonstrated MY

that the system continuously generated tunable radiation, constrained by
the high gain antenna, from 45 to 75 GHz.

F

e Amplit i~e lstD ECENT experiments have shown that optoelectronic Spectru

J.switches monolithically integrated with planar antenna struc- Analyzer

tures can be used to generate electromagnetic radiation in themicrowave and millmneter wave regions d1]-[3]. I thin Fig. 1. Schematic of the experimental setup. The optical beam was injectedI esxper- onto the device at an angle of 30' with respect to the plane of the
ments, an optical pump and probe arrangement is used to transmitting antenna, and the teflon lenses were separated by 10 cm.
coherently generate and sample the microwave and millimeter
wave radiation. The bandwidth of these systems, when driven by
picosecond optical pulses, is from below 10 GHz to greater than Heterodyne detection rather than photoconductive sampling is
200 GHz [4], [5]. Femtosecond optical pulses have now been used to measure the radiation with the measured signals dis-
used to extend this frequency coverage to greater than 2.0 THz played in real time on a spectrum analyzer. Electrical modula-
[6]. Measurements of the transient far-field radiation properties tion is applied to the transmitter gate and thus produces a tunable
of integrated optoelectronic antennas have provided both the sideband on the optically generated carrier. The technique also
temporal and spatial characteristics of these devices [7]. Spectro- provides increased resolution for use in spectroscopic applica-
scopic applications of these systems include measurements of the tions. The high resolution capabilities of this technique, on the
frequency dependent loss and dispersion properties of materials order of 1 MHz, are demonstrated by measuring the transmis-
in the 10-130 GHz range, with a frequency resolution of 4.94 sion response of a narrow bandpass filter.
GHz [5]. In addition, the optical generation and control of A schematic representation of the experimental arrangement is
millimeter waves has attracted considerable attention because its illustrated in Fig. 1. FET's (NEC/NE7100) and HEMT's
importance in distributed communications and radar systems [8], (Rockwell International Science Center) were integrated on
[9]. printed circuit RT/Duroid microstrip antennas. Identical twin

In this letter, we report an alternative approach to the two dipole antennas with integrated devices were used both to trans-
terminal switch concept for generating millimeter waves which mit and to receive the radiation. In the case of the transmitter,
utilizes three terminal devices integrated with printed circuit the drain and source of the device were connected to the
antennas. This technique employs GaAs FET's and antenna, and in the case of the receiver, the gate and source
AIGaAs-GaAs HEMT's mounted with printed circuit antennas were connected to the antenna. The full characterization of an
and illuminated with picosecond optical pulses. Unlike two integrated FET antenna circuit as a microwave gate mixer has

terminal devices, using three terminal devices provides a way of been described previously, and results show the circuit has a
both optimizing output and incorporating information signals on conversion loss of approximately 6 dB when used as a hetero-
the carrier signal. Also, using three terminal devices improves dyne detector [10].
the signal power since the devices are driven an order of In these experiments, the active region of the transmitting
magnitude lower in impedance by the light than the switches. device was illuminated by 1.5 ps, 578 nm optical pulses obtained

from a synchronously pumped mode-locked Rhodamine 6 G dye

Manuscript received October 3, 1990. This work was supported by the laser (Coherent 701-2). The dye laser pump source was an
Air Force Office of Scientific Research. actively mode-locked frequency doubled Nd:YAG laser operat-

D. C. Ni was with the Department of Electrical Engineering, University ing at 76 MHz (Coherent Antaries). The active region of the
of California, Los Angeles, CA 90024. He is now with AT&T elli
Laboratories, Middletown. NJ 07748. device was excited by 50 to 150 mW of average power focused

D. V. Plant and H. R. Fetterman are with the Department of Electrical to 10 t~m in diameter with a 5 x lens. Using a sweep oscillator,
Engineering. University of California. Los Angeles. CA 90024. a RF electrical modulation was applied to the transmitter gate. A

M. Matloubian was with the Department of Electrical Engineering. Uni- klystron, tunable from 55.5 to 62.0 GHz, was used as a local
versity of California. Los Angeles. CA 90024. He is now with Hughes oscillator for heterodyne detection of the radiation. Two teflon
Research Laboratory. Malibu, CA 90265.

IEEE Log Number 9143131. lenses with 25.4 mm focal lengths were placed between the
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REF -SdBm SPAN 788 MHz REF -60dBm SPAN 780 MHz

ladB/ 5dB/

(a)
Fig. 2. Millimeter wave radiation comb produced by optical excitation for
a local oscillator frequency of 61.4 GHz. Signals located in the upper SPAN 708 MHz
sideband (61.52 to 63.02 GHz) are the larger amplitude signals, and signals
located in the lower sideband (59.78 to 61.28 GHz) 4re the lower amplitude
signals.

transmitter and the receiver to create a collimated beam into
which millimeter wave filters were inserted. The detected output
from the receiver was sent through various IF amplifiers (0.75-2
GHz with a gain of 37 dB, and 6-18 GHz with a gain of 25 dB)
and displayed in real time on a spectrum analyzer. A Hewlett Z
Packard 9836 computer was used for data acquisition and pro-
cessing.

The repetitive picosecond excitation produces a millimeter
wave radiation comb whose signals are spaced at the laser (b)
mode-locking frequency (76 MHz). Because heterodyne detec-tide-onkis g usedmiedcy(76 wHich f caul w hinth ye b deth- o Fig. 3. (a) Transmission response of a metal mesh Fabry-Perot interfer-
tion is used, mixed signals which fall within the bandwidth of ometer without transmitter gate modulation. The filter is tuned to 62.27
the IF amplifier from both the high- and the low-frequency side GHz. and the local oscillator is tuned to 61.4 GHz. The filter rejects signals

of the local oscillator will be detected. This is seen in Fig. 2 in the lower sideband and filters signals in the upper sideband that fall
where a spectrum analyzer trace of the detected radiation for a outside the psasband. (b) Transmission response of the same filter with a
local oscillator frequency of 61.4 0Hz is shown. These data swept 0 dBm electrical modulation applied to the transmitting FET antenna

circuit. This result demon.trates the high spectral resolution obtainable with
were taken using the 0.75-2 GHz IF amplifier and the devices this technique.
biased as follows: the transmitting FET with VIs = 2.0 V and
V = -3.0 V, and the receiving FET with Vd, = 2.0 V and

'- -0.6 V. By tuning the local oscillator +/ - 5.0 MHz the gate. The filter is tuned to approximately 62.27 GHz and has a

signals located in the upper sideband could be distinguished from FWHM of approximately 250 MHz, which is in good agreement

those located in the lower sideband. In Fig. 2, the larger with the calculated finesse. This result demonstrates the high
amplitude signals are in the upper sideband (61.52-63.02 GHz) spectral resolution obtainable with this technique.
and the lower amplitude signals are in the lower sideband Measuring the radiating millimeter wave signal strength under
(59.78-61.28 GHz). Using various IF amplifiers, we measured various conditions of bias and illumination also provides a
the bandwidth of the radiation comb and found it extended from method of optimizing the transmitting device's frequency re-
45 to 75 GHz. The average power in the millimeter wave beam sponse. Studies of the pulsed response of FET's and HEMT's
was also measured using a slow response time liquid helium have shown that the intrinsic device speed can be improved by
cooled silicon bolometer, and this measurement yielded an esti- increasing the negative gate bias [111, 1121. The components of
mated power of > 100 nW. the signal power at 60 GHz were measured as a function of both

Next, an electrical modulation was applied to the transmitter pulse width and gate bias. Fig. 4(a) is plot of signal power
gate in addition to the dc bias, and this RF modulation produced versus optical pulse width for an enhancement type HEMT. If a
tunable sidebands on the millimeter wave radiation. These side- hypersecant shaped optical pulse is assumed, the 3 dB point of
bands could be used to completely fill in the transmission the device performance is 7 ps. This value corresponds to a 70
spectrum of a millimeter wave bandpass filter. In order to GHz bandwidth, which is in good agreement with the device
demonstrate this capability, we placed a Fabry-Perot interfer- specifications. The frequency response of the device can be
ometer with a narrow passband into the millimeter wave beam. enhanced by appropriate biasing of the gate terminal, as shown
The filter consisted of two 50 lines/inch metal meshes mounted in Fig. 4(b) where a plot of signal power and drain current

on optically flat retaining rings. Fig. 3(a) is a spectrum analyzer versus gate bias is shown. For a gate bias of -2.5 V. the power
trace of the transmission response of this filter without gate of the received signal is increased by 4 dB over a zero bias

modulation. The filter both rejects the signals in the lower condition.
sideband (the lower amplitude signals in Fig. 2) and filters the in conclusion, we have demonstrated a technique for generat-
signals in the upp-r sideband that arc out of the passband of the ing high power millimeter wave radiation utilizing active three

filter. Fig. 3(b) is spectrum analyzer trace of the filter after ,crminal devices rather than two terminal switches. In addition,

applying a swept electrical modulation to the transmitting FET application of an electrical sideband to the optically generated
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-40 lated electrically could potentially provide a way of constructing
a pulsed, optically controlled millimeter wave transmission sys-

-50 tern.
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Generation of Millimeter-Wave Radiation by
Optical Mixing in FET's Integrated with

Printed Circuit Antennas
D. V. Plant, D. C. Scott, D. C. Ni, and H. R. Fetterman

Abstract-Using optical mixing, we have demonstrated the detected in a similar planar FET structure. This is the first
generation of continuous wave 60-GHz millimeter wave radia- report of the generation and detection of millimeter wave
tdon from FET's Integrated with planar antennas. The radiation radiation by optical mixing in these three terminal devices
was propagated through narrow band quasi-optical Fabry-Perot r I
filters and heterodyne detected In a second FET antenna struc- integrated with printed circuit antennas. The use of two FET
ture. In addition to spectroscopic applications, this trans. antenna circuits further demonstrates the capabilities of these
mitter/receiver system demonstrates the feasibility of having circuits in an optically controlled transmitter and receiver
optically fed arrays of millimeter wave sources. system. Based on recent studies of optically controlled phased

array antennas, this technique is well suited for applications
in such systems [71, [8].

PTICAL control of microwave and millimeter-wave A schematic representation of the experimental arrange-
devices has attracted recent attention because of poten- ment is illustrated in Fig. 1. Commercially available lET's

tial applications that involve both the advantages of optical (NEC/NE71000) having gate lengths of 0.3 um and drain to
interconnections and microwave propagation. Various control sources distances of 2 gm were integrated on printed circuit
functions including gain control of amplifiers, oscillation RT/Duroid microstrip antennas. Identical twin dipole anten-
tuning, locking and frequency modulation, switching, optical nas with integrated FET's were used not only to transmit, but
mixing, and optically induced negative photoconductivity also to receive the radiation. However, in the case of the
have already been demonstrated [1]-[6]. In this letter, we transmitter, the drain and source of the FET were connected
report the first generation and propagation of 60-GHz tun- to the antenna, while in the case of the receiver, the gate and
able, continuous wave millimeter-wave radiation using opti- source were connected to the antenna. The full characteriza-
cal mixing in integrated GaAs FET printed circuit structures. tion of the integrated FET antenna circuit as a microwave
The optically generated and transmitted millimeter-wave ra- gate mixer has been described previously, and results show
diation was detected with a highly sensitive FET antenna the circuit has a conversion loss of approximately 6 dB when
circuit using heterodyne detection techniques. used as a heterodyne detector [9].

Previously, we demonstrated coherent mixing of optical The transmitting FET was illuminated with light from a
radiation in FET's, HEMT's, and related three terminal Kiton Red dye laser (600 nm to 640 rim, 400 mW) and a
devices [3]. This technique was then extended to 64 GHz frequency stabilized HeNe laser (632.8 nm, 0.6 mW). The
using a GaAs FET integrated with a printed circuit antenna, penetration depth of these lasers is about 0.3 Mm, which is of
which was designed to couple to millimeter wave frequencies the same order as the thickness of the active region of the
(5]. This configuration permitted direct injection of a funda- FET, and therefore sufficient to excite the GaAs active layer.
mental local oscillator and the optical radiation simultane- The wavelength of the dye laser was locked to an external
ously to the device active region and demonstrated the mixing temperature stabilized Fabry-Perot reference cavity. The
capability of these devices at high frequencies. In the series wavelength of the laser was monitored with both an optical
of experiments reported here, the active region of a GaAs wavemeter that had 0.001 nm resolution (< 1.0 GHz;, and
FET antenna circuit is illuminated simultaneously by optical an optical spectrum analyzer that had a 30-GHz free spectral
radiation from a CW dye laser and a stabilized HeNe laser. range. The linewidth and stability of both lasers was typically
The difference frequency between these optical signals radi- less than 2 MHz. The beams were combined using a variable
ates from the antenna and propagates in free space. It is then beam splitter which permitted changing the ratio of dye laser

power to the HeNe laser power. In these experiments, the
Manuscript received February II, 1991; revised March 21, 1991. This transmitting FET active region was excited by 20 to 80

work was supported by the Air Force Office of Scientific Research and The milliwatts (25-100 kW/cm2 ) from the dye laser and 0.15 to
National Center of Integrated Photonics Technology.

D. V. Plant, D. C. Scott, and H. R. Fetterman are with the Department of 0.36 milliwatts (200-450 W/cm2 ) from the HeNe laser.
Electrical Engineering. University of California, Los Angeles. 56-125B Using a lens, the beams were focused to a spot size of 10 jim
Engineering IV. Los Angeles, CA 90024-1594. in diameter A reflex klystron, tunable from 55.5 to 62 GHz

D. C. Ni is with AT&T Bell Laboratories, 480 Red Hill Road, Room
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IEEE Log Number 9100258. radiation. The detected signal output from the receiving FET
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Fig. 1. Schematic of the experimntald set-up. VBS, variable beam splitter;
OSA, optical spectrum analyzer (30 GHz FSR); WM, wavemeter; LI,
2.S-ram focal length lens; MM'WL, millimeter wave lens; MMWBPF, rail-

limeter wave bandpass filter; IFA, 0.75-2.0 GHz 25-dB gain amplifier; LO,
55.5-62.0 GHz reflex klystron local oscillator; SA, spectrum analyzer; UA,
lock-in amplifier. Optical beam was injected into the device at an angle of 45
degrees with respect to the plane of the transmitting antenna. Teflon lenses
were separated by 10 cm.

antenna circuit was sent through an IF amplifier (0.75-2.0 tion of the radiation was measured and found to be linearly
GHz with a gain of 25 db) and displayed on a spectrum polarized as was expected from antenna design considera-
analyzer. Two teflon lenses with 25.4 nun focal lengths were tions.
placed between the transmitter and the receiver to create a In an effort to determine the lower limits at which the
10-cm long collimated beam into which millimeter wave millimeter-wave radiation could be generated, the ratio of the
filters were inserted. A Hewlett Packard 9836 computer was laser powers was varied. Although a complete study of the
used for data acquisition and processing. performance of the transmitting FET antenna circuit under

The optical excitation produces continuous wave, tunable, various conditions of bias and illumination is necessary,
millimeter wave radiation that is optimized at 60 GHz due to preliminary results indicate that the mixing and re-radiation
the performance of the high gain antenna. A recording of a mechanisms require only modest levels of optical power. A
received signal at 60.25 GHz is shown in Fig. 2. Here, the S/N of 13 dB was achieveable with 20 mW of dye laser
transmitting FET was illuminated by 80 mW from the dye power and 0.38 mW of HeNe laser power. Conversely,
laser and 0.15 mW from the HeNe laser. The local oscillator saturation of the radiating signal strength was observed for
is tuned to 61.54 GHz and is irradiating the receiving FET dye laser powers in excess of 60 mW indicating a saturation
antenna circuit with approximately 25 mW of power. For this of carriers in the active region of the transmitting device.
data, the devices are biased as follows: The transmitting FET Also, measurements of the radiating signal strength versus
was biased with Vd, = 2.0 V and VS = - 2.0 V and the the orientation of the two laser's polarization showed that the
receiving ;2ET was biased with Vd, = 2.0 V and Vs = - 0.6 optical mixing mechanism is optimized when the two beams
V. In the case of the trarsmitter the device is biased below are colinearly polarized. This result is critical with respect to

pinchoff (pinchoff voltagt for this device at Vd, = 2.0 V is the use of a fiber optic light delivery system, and experiments
Ves = - 1. l V), therefore photoexcited carriers via photo- are currently under way using single-mode polarization-pre-

conduction mechanisms are responsible for generating the serving fibers. This delivery system will be particularly
radiated laser difference frequency. For these FET's, previ- useful in optically controlled phased array applications that

ous studies show that the frequency response of the photocon- are not limited by fiber-optic losses.
duction mechanism is faster than that of the photovoltaic As a demonstration that we have tunable, narrow-band

mechanism [101-[121. The typical achievable signal to noise millimeter-wave radiation, we measured the response of a

ratio for experimental conditions similar to those of Fig. 2 tunable Fabry-Perot interferometer. The filter consisted of
was 30-35 db. Based on the receiver conversion losses and two 50-lines/inch metal meshes mounted on optically flat

the millimeter-wave collecting optics, the power in the mil- retaining rings. The filter response was measured by tuning
limetcr-wavc beam was estimated to be I nW. The polariza- the dye laser and therefore, tuning the millimcter-wave radia-
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REF -40 dBm Cascading devices will provide optical mixing signal ampli-
S .. . . . .. fication prior to driving the antenna. Based on the prelimi-

nary study of the performance of the transmitting FET an-
tenna circuit under varying conditions of illumination, our
results indicate that low power, frequency stabilized, infrared
semiconductor lasers could be used to replace the CW dye
and HeNe lasers thus providing alternative compact light
sources. Finally, this letter demonstrates the potential of
converting millimeter-wave signals on light directly into
propagating millimeter wave radiation using planar FET
structures. It should now be possible to make arrays of

CENTER 1 .29 GHz SPRN 175 MHz distributed sources using this technology.
RES BW I MHz VBW 3 MHz SWP z2e macc The authors would like to thank Prof. N. Luhmann and M.

Fig. 2. Spectrum analyzer trace of the received millimeter-wave radiation Espiau of the Center for High Frequency Electronics for
at 60.25 GHz. Local oscillator is at 61.54 GHz. Transmitting FET was providing microwave components and test equipment.
illuminated by 80 mW of dye laser power and 0.5 mW of HeNe laser
power.
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Optically Generated 60 GHz Millimeter Waves
Using AlGaAs/InGaAs HEMT's Integrated

with Both Quasi-Optical Antenna
Circuits and MMIC's

D. V. Plant, Member, IEEE, D. C. Scott, H. R. Fetterman, Fellow, IEEE, L. K. Shaw, W. Jones, and
K. L. Tan

Abstract-Continuously tunable 49-67 GHz millimeter wave tion using low-frequency, commercially available GaAs
radiation has been generated using optical mixing in MESFET's integrated with quasi-optical antennas [6]. In
AIGaAs/lnGaAs HEMT's Integrated with both quasi-optical order to increase the optically generated millimeter wave
antenna circuits and multistage MMIC amplifiers. Using these
systems, microwatt levels of millimeter wave power has been power, 60 GHz pseudomorphic AIGaAs/InGaAs HEMT's
generated. A quantitative study of the signal strength versus were used in place of GaAs MESFET's [7). The motivation
bias, polarization, and light intensity was performed. In addi- was to use devices whose optical sensitivity and optical
don, the millimeter waves were modulated by applying a RF speeds are larger than GaAs MESFET's [81-[10]. In particu-
signal ( < 1 GHz) to the FET gate. Using this technique, tunable lar, optically generated electrons are transferred to the high-
electrical sidebands were added to the optically generated 60
GHz carrier, thus providing a method of transmitting informa- mobility two-dimensional electron gas (2DEG) which in-
tion. creases the mixing photocurrent and increases the millimeter

wave power.
Two different systems were investigated. First, HEMT's

INTRODUcTION were integrated with printed circuit antennas in order to

O PTICAL-MILLIMETER wave interactions have at- generate freely propagating millimeter wave radiation. Sec-

tracted recent attention because of applications which ond, HEMT's were integrated into microstrip with 60 GHz

involve the advantages of both lightwave and microwave multistage MMIC amplifiers to provide gain. Optical fibers

techniques (11, [21. it allows the use of optical-fiber technol- were used to deliver light to pump both the optical mixer/an-

ogy for interconnection of microwave devices and circuits tenna circuits and the optical mixer/amplifier circuits. The

[3]. Concurrently, high electron mobility transistors extension to optical fibers is important with respect to appli-

(HEMT's) have gained widespread application in low-noise cations of these techniques in systems such as optically

millimeter wave amplifiers due to their superior noise perfor- controlled phased arrays. [11].

mance compared to MESFET's [4]. In this letter, we report EXPERIMENTAL SETUP

the use of pseudomorphic A1GaAs/InGaAs HEMT's to gen-
erate tunable continuous-wave millimeter wave radiation by The devices used in both experiments were 60 GHz pseu-

optical mixing. Three terminal devices offer unique advan- domorphic Alo0 25Ga0 .75 As/In0 .2sGa 0o72As HEMT's [7]. The
tages over two terminal devices for generating millimeter HEMT's were illuminated with light from an actively fre-

waves using optical mixing [5]. In particular, the gate pro- quency stabilized Kiton red dye laser (600-640 nm) and an

vides a means of applying tunable RF sidebands to a tunable, actively frequency stabilized He-Ne laser (632.8 nm). The

optically generated carrier for use in communication systems. wavelength of each linearly polarized laser was monitored

This technique eliminates the need to directly modulate one with a wavemeter which had 0.001 nm resolution. The

of the two heterodyned laser sources. Also, the illuminated frequency stability of each laser was better than 2 MHz. The
HEMT can be optimized as a function of drain and gate bias beams were combined using a beam splitter and then were

thus increasing the optical mixing photocurrents. coupled into single-mode polarization preserving and nonpo-

Previously, we generated 60 GHz millimeter wave radia- larization preserving optical fibers. The fiber core diameters
were 2.75 pm, and the output tips were brought to less than 1
mm from the device active region. In order to prevent

Manuscript received October 1. 1991. The work at UCLA was supported feedback into the actively stabilized lasers, the input and
by the Air Force Office of Scientific Research and by the National Center for

Integrated Photonics Technology. output tips of the fibers were polished with 10' wedge
D. V. Plant, D. C. Scott, and H. R. Fetterman are with the Department of angles.

Electrical Engineering, University of California. Los Angeles, CA 90024. in the optical mixer/antenna circuit experiments, the opti-
L. K. Shaw, W. Jones, and K. L. Tan are with TRW Electronics and

Technology Division. Redondo Beach. CA 90278 cally generated millimeter wave radiation was radiated into
IEEE Log Number 9105315 free space and then coupled into waveguide detectors using
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lenses and horns. In the optical mixer/amplifier circuit exper- REF -20 dB

iments, the millimeter waves were launched into waveguide
via microstrip to coaxial to waveguide transitions. The sig- 0
nals were measured using a heterodyne receiver which em-
ployed a tunable (55.5-62 GHz) klystron for a local oscilla-
tor. In both experiments, the optically generated millimeter
waves and the local oscillator were combined in a directional
coupler and fed into a waveguide mixer. The mixer outputs
were sent through IF amplifiers and displayed on a
computer-controlled spectrum analyzer.

OPTICAL MIXER/ANTENNA CIRCUIT RESULTS . . ,,

In the first set of experiments, the HEMT's were inte- -- 7
grated on printed circuit RT/Duriod microstrip antennas in a CENER 120GHz SPAN.W00MHz

common source mode. Twin dipole antennas designed for RES W I z VBW3MHz SWP 2W00 mc
(a)

optimum gain at 60 GHz were used. In the transmitter REF.20 m

configuration, the drain to source was connected across the
antenna. The optical mixing produced photocurrents at the 10d&

desired reradiation frequency. Fig. l(a) is a recording of a
received signal at 61.342 GHz. This figure shows a signal to
noise ratio of > 45 dB which is 10 dB larger than our
previous results using low frequency GaAs MESFET's [6].
The optimum signals were obtained at pinchoff: V, = -0.75
V at Vu = 2.5 V. Based on the transmittivity of the GaAs
cap layer (66%), and the differences in the aspect ratios of
the fiber output beam and the device active region, we
calculated that 3% of the light from each laser is absorbed in
the device [12]. Therefore, the maximum absorbed optical
power in the device was 2.0 mW and 3.4 uW for the dye CnR1"G~ SPAN00Mdz
laser and the He-Ne laser, respectively. Also, the radiation RESBWI kil VDW3MHz SWP200,maC

was measured to be linearly polarized which agreed with the (b)

antenna design. Fig. 1. (a) Recording of received 61.342 GHz radiation from transmitting
We attribute the larger signals to an increase in the mixing HEMT/antenna circuit. (b) Recording of signal with 100 MHz RF modula-lion (S dBm) applied to transmitter gate.

photocurrents. In a HEMT, photoexcited carriers will not

suffer from ionized impurity scattering in the channel as is
the case for a MESFET. Since the HEMT's were illuminated > 500 MHz of bandwidth. This result demonstrated one of
with visible light which had a photon energy (1.96 eV) the advantages of using three terminal devices; namely, the
greater than the bandgap energy of each of the HEMT ability to apply an information signal without the need to
materials, photoexcited carriers are generated in each of the modulate either of the two heterodyned laser sources.
layers comprising this structure. Previous studies have shown
that the optically controlled characteristics are most efficient OPTICAL MIXER/AMPLIFIER CIRCUIT RESULTS

at pinchoff [8]-[10]. This is because photogenerated holes in In the second set of experiments, the HEMT's were inte-
the top GaAs cap layer and the AIGaAs layer flow into the grated into 50 0 microstrip with two-stage MMIC amplifiers
depletion layer under the negatively biased gate resulting in a designed for operation from 57.5 to 65 GHz with > 8 dB of
decrease in the depletion region size and an opening of the 2 gain [13]. The MMIC active device structures were the same
DEG channel. Photogenerated electrons in the InGaAs and pseudomorphic A10.25Ga 0.75 As/In0 .2sGao.72As devices. Fig.
the underlying GaAs supperlattice experience a vertical field 2 is a schematic of the optical mixer/amplifier circuit. The
associated with the band bending of the AlGaAs/InGaAs test fixture was equipped with dc to 65 GHz coaxial connec-
heterojunction, and a lateral field associated with the applied tors at both the input and the output. Light from the two
drain voltage. These electrons are collected w the high lasers was injected into the HEMT using optical fibers. The
mobility 2 DEG, and they are the dominant contribution to optical mixing signal from the discrete HEMT device was
the optical mixing photocurrent. amplified by the MMIC and launched into waveguide. Fig. 3

As mentioned, three terminal devices can be directly RF is a recording of a received signal at 60.395 GHz. A signal-
modulated. This is demonstrated in Fig. 1 (b) where a record- to-noise ratio of > 55 dB is obtainable. Based on the mi-
ing of a received signal at 61.342 GHz with 100 MHz crostrip to waveguide transition losses and the mixer conver-
electrical sidebands is shown. With an applied RF signal of 5 sion losses, the optically generated millimeter wave power
dBm, the signal power in the sidebands was large, 15 dB was estimated to be > 0.3 #W. This represented a 300-fold
down from the carrier, and the sidebands were tunable over increase in power from our previous experiments using GaAs
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Fig. 2. Diagram of optical mixer/amplifier circuit. The devices were .70
nmouted with 50 D microstrip and dc to 65 GHz microstrip to coaxial
connectors.
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Fig. 3. Recording of measured signal at 60.395 GHz. The optically
generated millimeter wave power was estimated to be > 0.3 %W and the 3 T06 1t05 .0001 0.001 0.01
dB linewidth of the signal was 3 MHz. HeNt Laser PoweAbsorbed (mW)

(b)
Fig. 4. (a) Signal strength versus dye laser power (He-Ne laser power

MESFET's. It is worth noting that in these experiments the fixed at 3.4 iW absorbed). (b) Signal strength versus He-Ne laser power(dye laser power fixed at 2.0 mW absorbed). The slopes of the lines fitted to
optically generated millimeter waves could have been the data were the same indicating that the optical illumination levels for both

launched from a horn for use in free space propagation lasers was in the small signal regime.
experiments. The electrical performance of the circuit was
measured from 50 to 65 GHz. The circuit had gain from 56
to 61 GHz with a peak gain of 7.75 db at 58.5 GHz. The the signal strength versus dye laser and He-Ne laser power,
bandwidth of the optically generated -millimeter waves was respectively, coupled into the device while the second laser
also measured and we found that it extended from 49 to 67 power was held constant. The slopes of the lines which were
GHz. The optimum signals, signal-to-noise ratios greater fit to the data are the same. This is expected from optical
than 40 dB, were measured from 57.5 to 62 GHz which heterodyne theory, which predicts that the optical mixing
correlated well with the electrical measurements. output power is linearly proportional to the input signal

Using this circuit, quantitative measurements of the optical power. Because the date do not show any saturation behav-
mixing efficiency versus polarization orientation were made. ior, we concluded that the optical illumination levels for both
The data were taken using a lens to focus the light onto the lasers was in the small signal regime. These results also
device. As is expected from optical heterodyne theory [141, indicated that improved optical coupling efficiency could
the signal strength was optimized when the beams were provide larger millimeter wave powers.
collinearly polarized. The decrease in signal strength for
orthogonal beams was 25 dB. Based on these measurements, CONCLUSIONs
using polarization preserving fibers is preferred, although not In summary, we have generated useful amounts of millitne-
essential to excite the optical mixer/amplifier. Using nonpo- ter wave power using HEMT's in conjunction with quasi-
larization preserving fibers in which the polarization states optical antennas and MMIC's. Direct modulation of the gate
were allowed to mix, we obtained a signal to noise ratio of 45 produced RF sidebands on the optically generated carrier.
dB. The characteristics of the optical mixing were studied and the

Next, the mixing efficiency versus intensity of the two results agree well with what is expected from optical hetero-
lasers was examined. Fig. 4(a) and (b) are log/log plots of dyne theory. Based on the optical mixing power versus
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We have demonstrated for the first time 60 GHz wide-band board-to-board optical
interconnection with a signal-to-noise ratio of 22 dB. The total interconnection distance is 55
cm from the input coupling prism to the detector. Board-to-board optical interconnection
was realized using microprisms which had a measured coupling bandwidth of more than 250
nm. The graded index of the polymer waveguide allows us to implement such an
interconnection scheme on an array of substrates. The elimination of backplane interconnection
greatly enhances the interconnection speed. The implementation of a high-speed on-
board transceiver in connection with a polymer waveguide lens will generate a fully on-board
optical interconnect involving modulation/demodulation.

We are reporting for the first time a 60 GHz board-to- where wb, = w, - W2, e is the electron charge, -q is the
board optical interconnection using polymer optical buses quantum efficiency, ko is the photon energy, C(wbo,,) is
in conjunction with microprism couplers. An intraboard the frequency response of the detector, and op is the angle
interconnection distance as long as 30 cm was previously between the polarized directions of the two light waves.
demonstrated.' The result demonstrated in this paper em- The frequency of the beat signal is controlled by the fre-
ploys two optical bus boards containing a graded index quency separation of the two lasers. By coherently mixing
(GRIN) polymer waveguide. 2"3 Board-to-board intercon- 01 and #2, the detected signal represented by Eq. (1) con-
nection was realized using microprism couplers made out tains a combination of the dc part and a modulated part.
of LaSF glass. The current performance of state-of-the-art The result represented by Eq. (1) is equivalent to that of
electronic systems, especially large computers, is limited by an optical wave, modulated at a microwave frequency
electrical interconnects rather than the on-chip processing ,t. The two lasers we employed were a Kiton red dye
speed. As the number of components per chip and the laser (600-640 nm up to 400 mW) and a frequency-stabi-
processing speed increase drastically, electrical intercon- lized HeNe laser (632.8 nm, 0.6 mW). The wavelength of
nection becomes inadequate on module-to-module and the dye laser was locked to an external-temperature-stabi-
board-to-board levels.4 A multichip module (MCM) for a lized Fabry-Perot reference cavity. The linewidth and sta-
high-speed, highly parallel electronic system (e.g., IBM's bility of both lasers was typically less than 2 MHz. Prop-
System/390 mainframe uses a MCM that holds 121 chips, agation of the mixed optical waves from input port to
spaced about 3/8 in. apart) was implemented to minimize output port is illustrated in Fig. I(a). A schematic repre-
the speed limitation imposed on electrical interconnections sentation of Fig. I (a) is further depicted in Fig. ( (b). The
(El). However, the intrinsic characteristics of conven-tionl eectica inercnnetios jopadiz trnsmttig a coupling stages are not shown in Fig. I (b). Due to the
tional electrical interconnections jeopardize transmitting a GRIN property of the polymer thin film, Z

3 the optical bus
l-GHz signal farther than I mm.S The use of transmission borscnemaeutfay btitefitrsschs
lines involves ground-plane implementation, which be- boards can be made out of any subst.ate of interest, such as
comes dispersive and results in significant losses from the As20o, Si, GaAs, glass, PC board, etc. Our demonstration
skin effect as the speed increases, was done using BK-7 glass substrates. The measured opti-

In this letter, the demonstration of 60 GHz board-to- cal insertion loss from location I to location 4 (Fig. ) was
board optical interconnections with distances as long as 55 .--6 dB (excluding Fresnel reflection). The input TEMl t
cm is presented. The demonstration used single-mode mode (location 1) and the m dots coupled out at locations
GRIN polymer waveguides in conjunction with micro- 2 and 4 are shown in Figs. 2(a), 2(b), and 2(c), respec-

prisms. The high-speed optical signal was generated by tively. Formation of the well-defined m dots verified the

coherently mixing two lasers 1t = A cos wilt and quality of the polymer waveguide. The in-plane scattering

#2 = B cos w2t. of the optical bus board was very small. The polymer wave-

At the receiving end, the demodulation process in- guide implemented has a wide optical transmission band-
volves a square-law detector which displays the intensity of width from -- 300 to - 2800 nm. 2 As a result, intraboard

the optical signal as a photocurrent 6  optical interconnections using ultraviolet, visible, and near-
infrared wavelengths as the signal carrier can be realized.

=e AThe experimental setup for the high-speed board-to-
l A 2 +B 2 +2C(be,,)cosqABcos(cae,t)J], (I) board optical interconnection is shown in Fig. 3, where the
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FIG. 3. Generation, transmission, and detection of 60 GHz signal for
POIY-1I - P111cal 80 B To High Speed 55-cm board-to-board optical interconnection.\ DetectortIor coupled out from the output prism coupler of the first

, 2 optical data board is extremely important. A good quality

e4, optical waveguide and an appropriate prism-to-waveguide
attachment provided us with an output beam with well-
defined m dots [Fig. 2(b)] which facilitated the coupling
into the second optical bus board. By employing a similar

Microptrisincopim technique, a good-quality m dot was coupled out of the
second optical data board [Fig. 2(c)]. The optical "signal"
coupled out of the second optical bus board was focused
onto the detector using an 10X objective lens. The demod-

FIG. I. (a) Photograph of board-to-board optical interconnection using ulation scheme is shown in Fig. 3. The detector is a three-

polymer-based optical data boards in conjunction with microprisms. (b) stage amplifier circuit consisting of a discrete AlGaAs/
Schematic of (a). The coupling stages are not shown. InGaAs high-electron-mobility transistor (HEMT)7 in

series with a two-stage 60 GHz millimeter-wave mono-

coherently mixed optical signal is collinearly coupled into lithic integrated circuit (MMIC) amplifier8 (a complete

the first optical bus board through a prism coupler. The description of the optical mixer/amplifier will be presented

optical bus board is adjusted such that the tangential corn- elsewhere9 ). The optical mixing takes place in the active

ponents of the electromagnetic fields are continuous at the region of the discrete HEMT device. The 60 GHz output

prism/gap/waveguide interface to generate "optical tun- was amplified by the MMIC and fed into waveguide via a

neling." The optical beam containing the abt [Eq. (1)] microstrip to coaxial to waveguide transition. The signal

propagates across the first optical bus board and then cou- was then downconverted to intermediate frequencies (1-2

pies out of the first board using another prism coupler. To GHz) using a directional coupler fed local oscillator (kly-

efficiently couple the optical wave from the first optical stron) and a waveguide mixer. In the initial phases of this

board to the second one, control of the profile of the beam experiment, continuous tuning of woe, from I to 25 GHz
was demonstrated to establish the large bandwidth capa-
bility of this system. We then switched to the highest fre-
quency of our new detection system and the result shown
in Fig. 4 is the heterodyne detected signal at 60 GHz. As
previously mentioned, the beat signal represented by Eq.
(1) is equivalent to a modulated base band signal using a
high-speed laser diode or an external modulator driven by
a single-frequency microwave source. The availability of a
high-speed transceiver will allow us to demonstrate board-

* 5mmr.-- to-board optical interconnections with fully on-board mod-
ulation and demodulation capabilities.'"' A GRIN poly-
mer waveguide lens12 can also be used to provide a
diffraction-limited spot and thus achieve high-speed signal

(a) (b) (c) detection.
The experimental results demonstrated in this letter

FIG 2. Near-field images of (a) TEMc,1 laser light at location I (Fig. conclude that the GRIN polymer waveguide can be used
I(h)]. (b) mode dot at location 2, and (c) mode dot at location 4. as a high-speed optical bus for board-to-board optical in-
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FIG. 5. Experimental result of free space to polymer-based optical bus
FIG. 4. 60.GHz signal detected at location 4 (Fig. I (b)l. A 22-dB signal- board coupling using a microprism. A 3-dB bandwidth of more than 250
to-noise ratio is clearly indicated. nm is shown.

terconnection with speeds as high as 60 GHz and bit error imentally confirmed which is equivalent to BER of 10- 1o
rates (BER) of 10- to (22 dB signal-to-noise ratio). It The beat signal, which was 60 GHz in our demonstration,
should be noted that the limit on speed was imposed by the is equivalent to an optical signal modulated by either an
system power budget rather than the polymer-based opti- external modulator or a laser diode using a 60 GHz single-
cal bus board. A I GHz board-to-board optical intercon- frequency microwave as the modulation source. Implemen-
nection through free space was previously demonstrated.13  tation of a polymer waveguide lens onto the optical data
Here a 60 GHz board-to-board optical interconnection in- board will provide us with a diffraction-limited spot and
volving a single-mode polymer waveguide is reported for thus ease the demodulation criterion. Finally, the combi-
the first time. For the three-dimensional (3D) optical in- nation of a GRIN polymer waveguide and a LaSF micro-
terconnection demonstrated in this program, board-to- prism provided us with a 250-nm free space to optical data
board interconnections were realized through free space board coupling bandwidth, which is two orders of magni-
rather than an optical backplane.14 Optical interconnec- tude higher than for an HOE.
tions through a backplane introduce an extra degree of Physical Optics Corporation's research is sponsored by
material dispersion and thus impose a more stringent speed SDIO, the Army Research Office, the Department of En-
limit for 3D optical interconnections. 3D optical intercon- ergy and UCLA's research is sponsored by AFOSR and
nections using holographic optical elements (HOEs) turn NCIPT.
out to be impractical' due to the required phase-matching
condition associated with them. Such coupling devices are
intrinsically narrow band which strictly limits the avail- 'R..T. Chert Proc. SPIE, 1374(1990).

oR. T. Chen, M. R. Wang, G. J. Sonek, and T. Jannson. Opt. Eng. 30.
ability of light sources. To cover the required interconnec- 622 (1991).
tion distances using HOE while still maintaining a good 'R. T. Chen, W. Phillips, T. Jannson. and D. Pelka, Opt. Lett. 14, 892
power budget, the entire area of the detector has to be (1989).
enlarged to compensate for the deviation of the optical 'R. T. Chen, H. Lu, M. R. Wang, D. Robinson, and T. Jannson, IEEE/

OSA J. Lightwave Technol. (to be published).
beam propagation due to the shift of optical wavelength. 5M. R. Feldman, S. C. Esener, C. C. Guest, and S. H. Lee, Appl. Opt.
On the other hand, the microprism we employed is a wide- 27, 1742 (1988).
band coupler. By fixing the input beam at the coupling S. Kawanishi, A. Takada, and M. Saruwatari, IEEE/OSA J. Lightwave

angle which is phase matched to the effective index of the Technol. 7, 92 (1989).
'K. L. Tan, R. M. Dia, D. C. Streit, L. K. Shaw, A. C. Han, M. D.

guided wave, a 3-dB coupling bandwidth of more than 250 Sholley, P. H. Liu, T. Q. Trinh, T. Lin, and H. C. Yen, IEEE Electron
nm was experimentally confirmed using a Ti-sapphire la- Device Lett. 12, 23 (1991).
ser. Figure 5 shows the demonstrated experimental results. L K. Shaw, D. Brunone, T. Z. Best, B. Nelson. W. Jones. D. Streit, and

P. Liu, in the Technical Digest of the 15th International Conference on
Note that such wide-band coupling is realizable only if the Infrared and Millimeter Waves (1991). p. 523.
material dispersion of the GRIN polymer waveguide and 9D. V. Plant, D. C. Scott, H. R. Fetterman, L. K. Shaw, W. Jones, and
the prism as a function of wavelength has a coherent pace K. L. Tan, IEEE Photon. Technol. Lett. (in press).
within the full spectrum of optical wavelength tuning. The 'OS. Y. Wang and D. M. Bloom, Electron. Lett 19, 554 (1983).

"S. R. Forrest, Proc. 75. 1488 (1987).
selection of a microprism with this dispersion characteris- 1 R. T. Chen, Final Report to Army Harry Diamond Lab. Contract No.

tic is a paramount factor in the results presented here. DAAL02-91-C-0034 (1991).
In summary, we a.,e reporting for the first time a 60 "A. Yang, in Integrated Photonics Research. 1991. Technical Digest Se.

G~z board-to-board optical interconnection using poly- ries (OSA, Washington, DC. 1991), p. 590; D. Z. Tsang. Proc. SPIE
1563,10 (1991).
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Abstract--Optical response of very high-frequency pseudo- excited PM-HEMT. This is the technique of choice be-
morphic lnGaAs HEMT's with f, of 140 GHz has been success- cause we can measure impulse responses on the order of
fully performed. These measurements were done using the pi-
cosecond time domain optoelectronic technique at room and low 5
temperatures. The optical photovoltaic responses of these
HEMT's show FWHM of 8.4 and 7.5 ps at room temperature MEASUREMENTS
and 20 K, respectively. Photoconductive responsivity as high as
4 A/ W with an external quantum efficiency of > 600% is The devices tested were PM-HEMT's with gate width
reported here. and gate length of 40 and 0.15 A.m, respectively. The

detailed fabrication and structure of these devices have
been reported elsewhere [7]. The fixture consists of a

INTRODUCTION PM-HEMT mounted in the center of two photoconduc-

tJ'H REE terminal devices, such as GaAs-MESFET's, tive switches. This fixture was placed inside a closed cycle

IHEMT's and HBT's, have been studied under optical helium refrigerator. The temperature was lowered in steps

illumination to evaluate their performance as high-speed and the optical response of the device was obtained. In

optical detectors [1]-[4]. Very high values of responsivities the experimental setup, an actively mode-locked fre-

much better than p-i-n photodiodes have been previously quency doubled Nd: YAG laser was used to pump a dual

reported [5], [6]. In addition, their structure is easy to jet dye laser. The dye laser is operated with a repetition

integrate for their use in optical circuits. In our experi- rate of 7.6 MHz at a wavelength of 600 nm, an average
ments we report high sensitivity, large external quantum power of 70 mW and a FWHM of 1.2 ps. The light beam
efficiency. and very broad bandwidths (- 200 GHz) for emerging from the dye laser is divided by a beam splitter

the PM-InGaAs HEMT's for the first time. There are a into two arms. One arm is the generating arm and the

number of mechanisms which contribute to the optical other is the sampling arm, which travels a path of variable

response of GaAs-MESFET's, including the source-drain length and samples the electrical pulse generated by the

channel resistivity modulation, source-gate and drain-gate first arm. For optical response measurements, the gener-

photoconductivity changes, and depletion layer width vari- ating beam was focused directly onto the device and the

ation with light intensity [5], [61, [8]. sampling beam was focused onto a photoconductive switch

The gate and the drain response of very high-speed nearest to the device on the gate and the drain side to

state-of-the-art pseudomorphic devices have been studied obtain the gate and the drain waveforms. respectively.

at different biasing conditions and at room and low tem- The spot size on the device was 8-10 A m.

peratures. We have obtained the optical response of these
devices using the technique of picosecond optoelectronic RESULTS AND DiSCUSSION
sampling of electrical waveforms produced by an optically The transconductance curve for the device at 300 and

20 K is shown in Fig. 1. An improvement is observed in
Manuscript received March 13, 1992: revised June 8. 1992. This work the transconductance of the device at 20 K as compared

%as supported by the Air Force Office of Scientific Research under the to the transconductance at room temperature. This i-
direction of II. i. Schlossberg and by the National Center for Integrated attributed to the fact that Hall mobility measurements t,'
Photonic Technology.

M. Z. Martin. F. K Oshita, and Ff. R. Fetterman are with the these devices indicate a 2-DEG concentration of 2.7 \-
Department of Electrical Engineering. University of California. Los 1012 cm- 2 with a mobility of 6730 cm 2/V-s at 300 K. and
Angeles. CA 10K124.

M. Matloubian was with the Department of Electrical Engineering. a 2-DEG concentration of 2.6 x 10'2 cm- with a mobil-
University of California. L.os Angeles. CA 9(X)24. He is now with Hughes ity of 14600 cm 2/V-s at 77 K[71.
Research Laboratories. Malibu, CA 90265. Typical time domain waveforms of the optical response

L. Shaw and K I.. Tan arc with the Elecironics and Tcchnology both from the gate and drain terminals of the device arc
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Fig. I. Transconductance of the HEMT at 300 and 20 IC Fig. 3. The FWHM of the gate response as a function of gate bias at a
constant drain voltage of 1.5 V at 300 and 20 K.

55 valence band [9], and when the negative bias is increased
the quantum well gets deeper. The capture and re-emis-

44 s RAIN Sion of the holes from this quantum well will degrade the
WAVE FORMS time response in these and similar quantum-well devices.

.. GATE The drain response of the HEMT at constant drain bias

of 1.5 V at 300 and 20 K is shown in Fig. 4. By the
illumination of light pulses of A = 600 nm used in this

-'22 experiment, photocarriers are generated everywhere in
2 each layer down to approximately the undoped buffer

layer [5]. In this experiment the contribution from the top
ii layers is negligible because these layers are thin and the

. - electrons in these layers have lower velocities as com-
0 -"---. pared to the electrons in the 2-DEG along the heteroint-

0 30 60 90 120 150 erface between the AIGaAs and InGaAs layers. The re-
DELAY (PSEC) suiltant channel current constitutes most of the draincurrent and hence a high-speed photoresponse is ex-

Fig. 2. Optical response of the HEMT from both the gate and the pet an hisce the FH oto response
drain terminals of the device. pected. In this case the FWHM of the optical response

decreases as the negative bias on the gate increases.
Increasing the negative bias on the gate, increases the

photovoltaic without any photoconductive gain because field experienced by the electron and accelerates it to-
the gate contact forms a Schottky diode, while the drain wards the 2-DEG; hence, we see an improvement in the
response is a photoconductive effect. The longer decay device time response.
times in the drain waveform is from the contribution of The drain response of the HEMT at a constant gate
long lived carriers because of the existence of trapping bias of - 1.5 V and increasing drain bias both at 300 and
states at the substrate-channel interface. 20 K is shown in Fig. 5. In this case the FWHM of the

The gate response of the HEMT at constant drain drain response waveform decreases as we increase the
voltage of 1.5 V both at 300 and 20 K is shown in Fig. 3. positive drain bias. This indicates that as the electric field
The FWHM of the optical response is observed to in- between the gate and the drain is increased the carriers
crease when the negative gate bias voltage was increased, are swept quickly into the 2-DEG which explains the fast
This is opposite to the effect observed in a GaAs-MESFET optical response of the device.
[81 in which shorter sweepout times are observed when The optical performance of these devices have been
negative gate voltages are applied, i.e., the increase in the evaluated by calculating the responsivity R, which is ex-
size of the depletion region under negative biases, results pressed as
in faster collection of the photogenerated carriers under R = l,1pPo, (1)
the gate. The difference between the GaAs-MESFET and
the pseudomorphic-lnGaAs HEMT's is attributed to the where lP is the drain current when the incident optical
existence of a quantum well in the valence band when the power is PoP,. The measured responsivity of the HEMT is
InGaAs channel (L - 200 A, E, - 0.9 eV) is sandwiched 4 A/W with a drain to source voltage of 1.5 V and a gate
between AIGaAs (E. - 1.74 eV) and GaAs (Eg - 1.42 to source voltage of -0.75 V and P,,, is - I mW which
eV). This quantum well acts as a trap for holes in the when compared to a calibrated Si p-i-n photodiode has an
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18 mW has been used for all the optical response measure-
Vd, 1.5 V ments.

16

CONCLUSIONS

314 K We report for the first time a record optical response
1 aofor PM-HEMT of 8.4 and 7.5 ps at 300 and 20 K,
12 respectively. These devices can be used as high-speed

10 photodetectors when biased with 1.5 V on the drain and 0
20K - V on the gate. Such resolution in measurements is made

8 possible by the technique of sampling the optical response
using photoconductive switches. A very high value of

6 responsivity of about 4 A/W has been determined and
-L.2 -1.0 -0.8 -0.6 -0.4 -0.2 0.0 0.2 different responses of the gate and the drain configura-

GATE VOLTAGE (M) lions have been obtained. Measurements to validate our
models are currently underway using infrared lasers.

Fig. 4. The FWHM of the drain response as a function of gate bias at a
constant drain voltage of 1.5 V at 300 and 20 K. REFERENCES

[1) C. Baack, S. Elze, and G. WaIf., Electron. Lett.. vol 13. p. 193,
40 1977.

Vg • -1.5 V [21 J. C. Gammel and J. M. Ballentyne. "GaAs MESFET high speed
optical detector," presented at Electron Device Meet., Washing-
ton, DC, 1978. p. 120.

3W X [3] T. Umeda, Y. Cho, and A. Shibatomi, "Picosecond HEMT Pho-
30 todetector," Japan. J. App. Phys., vol 25, no. 10, p. LS01, 1986.

[4] M. Matloubian, H. Fetterman, M. Kim, A. Oki, J. Camou, S. Moss.
and D. Smith, "Picosecond optoelectronic measurement of s pa-rameters and optical response of an AIGaAs/GaAs HBT," IEEE

20K Trans. Microwave Theor., Tech., vol. 38, no. 5, p. 683, 1990.
20 [5] R. N. Simons, "Microwave performance of an optically controlled

AIGaAs/GaAs high electron mobility transistor and GaAs MES-
FET." IEEE Trans. Microwave Theory Tech., vol. MN"1"-35. p. 1444.
Dec. 1987.

[6] C. Y. Chen, A. Y. Cho, C. G. Bethea, P. A. Garbinski, Y. M. Pang.

0 .. B. F. Levine, and K. Ogawa, "Ultrahigh speed modulation-doped
1.4 1.6 1.8 2.0 2.2 heterosiructure field-effect pholodetectors," Appl. Phys. Left., vol.

42, no. 12, p. 1040, 1983.
DRAIN VOLTAGE MV) [7] K. L. Tan, R. M. Dia, D. C. Streit. A. C. Han. T. Q. Trinh. J. R.

Velebir, P. H. Liu, T. Lin. H. C. Yen, M. Shollev, and L. Shaw.
Fig. 5. The FWHM of the drain response as a function of drain bias at "Ultralow-noise W-band Pseudomorphic lnGaAs HEMT's." IEE

a constant gate voltage of - 1.5 V. Electron Dec. Lett., vol. 11, no. 7, p. 303, 1990.
[8] D. E. Cooper and S. C. Moss, "Picosecond optoelectronic sampling

of electrical waveforms produced by an optically excited field effectexternal quantum efficiency > 600%. Measurements were transistor," Ultrafast Phenomena, vol. V. p. 117, 1986.
done using higher incident optical powers and a satura- [91 P. A. Martin, K. Meehan, P. Gavrilovic. K. Hess. N. Holonyak. Jr.,
tion of the signal was observed smearing out the fast and J. J. Colman, "Transient capacitance spectroscop\ on large

quantum well heterostructures," J. Appl. Phys. vol. 54. no. 8. p.response. Therefore, an incident optical power of - 1 4689. 1983.



340 IIEEE MICROWAVE AND GUIDED WAVE LETTERS. VOL_ 2. NO. 1. AUGUST I992

Cryogenic Performance of a Monolithic
W-Band Amplifier Using Picosecond

Optoelectronic Technique
F. Oshita, Member, IEEE, M. Martin, Student Member, IEEE, M. Matloubian, Member. IEEE, H. Fetterman,

Fellow, IEEE, H. Wang, Member, IEEE, K. Tan, Member, IEEE, and D. Streit, Member, IEEE

Absbectd-Cryogenlc characterization of a monolithic W-band brated. In addition, low-temperature measurements are easier
pseudomorphic InGaAs HEMT amplifier has been demonstrated to perform, since all electrical information is extracted with
for the first time using the picosecond optoelectronic technique. low-frequency components. Such low-temperature measure-
Low temperature, millimeter-wave measurements have been per- ments are important for applications of enhanced performance
formed without the use of conventional mmimeter-wave sources,
components, and transitions. At 94 GHz, the single-stage ampli- MMIC's in cryogenic systems.
fler exhibits gain of 4.5 dB at 300 K, which Increases to 7 dB
at 70 K.

H. MEASUREMENTS

I. INTRODUCTION Picosecond optoelectronic measurements were performed
Hc ha on a single-stage monolithic W-band amplifier based on pseu-

7j HE DEVELOPMENT of anGaAs HEMT technologys domorphic InGaAs HEMT technology. 0.1-um T-gate PM
T made possible the design of high performance monolithic HEMT's MBE grown on GaAs substrates have been shown to
integrated circuits at W-band frequencies [ 1]-[4]. To date, very exhibit excellent noise and Sain characteristics at millimeter-
little broad-band millimeter-wave measurements have been wave frequencies [9], and thus, are ideal candidates for high-
performed due to cumbersome conventional techniques based performance GaAs-based MMIC's. Further details on the
on HP8510 network analyzers with frequency extenders or device/circuit design and fabrication have been reported else-
six-port network analyzers. These methods rely on bandwidth where 12].

limited waveguide components and complex de-embedding The amplifier is mounted between a pair of photoconductive

procedures to remove the effect of waveguide-to-microstrip switches in an optoelectronic test fixture [7]. DC bias is

transitions. In addition, millimeter-wave on wafer probes are provided through SMA connectors and 100 pF off chip capac-

only available up to V-band frequencies [5]. As a result, such itors bonded to on chip bias networks. The photoconductive

limitations have made cryogenic measurements at millimeter- switch material is heavily ion-implanted silicon-on-sapphire.

wave frequencies difficult to perform. When a picosecond pulse strikes a biased photoconductive

As technological advances extend devices and circuits to gap, a s ectia pulse (FWHM a pis la uch e

higher operating frequencies, increasing attention has been t he enertran lie A t delayedhsamplng

focussed on optical techniques based on generation and sam- the reflec o transmitted signals

pling of picosecond pulses with photoconductive switches to isuetoamlthrfecdorrnmtedigl.Tsplin ofpicsecod plse wih phtocndutiveswiche to time domain information is then converted into the frequency
characterize these high speed devices and MMIC's [6]-[8]. In domain via Fourier transformation and normalized to yield the

this letter, we report the first broad-band and low-temperature wide bandwidth (> 100 GHz) circuit response.

characterization of a W-band monolithic amplifier using the The experimta st utizespana el

picosecond optoelectronic technique. This method has been freeu e ntaled utilas an a ctive ly a
successfully applied to obtain S-parameters of discrete devices frequency-doubled Nd:YAG laser to pump synchronously
succvalites y wcavity dumped picosecond dye laser that puts out a train of
and validated with conventional network analyzer measure- picosecond pulses (600 nm, 70 mW average power, 1.2 ps
ments at W-band frequencies [8]. Calibration is simplified FWHM). The laser output is divided into a generation and
with this technique, since there are no transitions to dc-embed; sampling path and focussed onto the appropriate pair of photo-
only the responsivity of each photoconductive switch is cali- conductive switches. The sampling beam passes through a time

Manuscript received April 22, 1992. This work was supported by the Air delay stage that varies the arrival of the sampling pulse relative
Force Office of Scientific Research and the National Center for Integrated to the generation pulse. A closed cycle Helium refrigerator
Photonic Technology. has been incorporated into the experimental setup to allow
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cal Engineering. University e. California, Los Angeles. 64--147 Engineering device/circuit characterization at cryogenic temperatures down
IV. Los Angeles, CA 90024. to 15 K. In this configuration, the circuit under test is kept

M. Matloubian is with Hughes Research Laboratories. Malibu, CA 90265. under ideal vacuum conditions, with the laser pulses coupled
H. Wang, K. Tan, and D. Streit are with the Electronics Technology through an optical window and the electrical signals extracted

Division, TRW, Redondo Beach, CA 90278.
IEEE Log Number 9202001. through low-frequency SMA feedthroughs.
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Fig. I. Measured input return loss of monolithiuc W-band single-stage Fig. 2. Measured output return loss of monolithic W-band single-stage
amplifier at 300 K and 70 K. amplifier at 300 K and 70 K.

Before circuit measurements are performed, a calibration 12-
fixture is prepared with similar photoconductive switches wire
bonded together with multiple (5 mil long, 0.7 mul diameter) 10*
bond wires. The measured back-to-back insertion loss of this
fixture is less than 3 dB with greater than 15-dB return loss
from 75 to 100 GHz. When the measurements were repeated 8.4 70K

at cryogenic temperatures, very little change is observed in
the insertion loss; thus, any enhanced circuit performance is6,30K
expected from the circuit itself rather than the switches or
transmission lines. For optimum gain performance, the W-e
band amplifier is biased at 1 'd = 3 V and V.9 = 0 V. 4

IIl. RESULTS
2-

The input and output return loss measurements of the
amplifier at 300 K and 70 K are shown in Figs. I and 2. In the
optoelectronic reflection measurements, time windowing has 0
been performed to remove to first order the effect of unwanted 75 80 85 90 95 100
reflections such as wirebonds. Waveguide measurements at Frequency (GHz)
94 GHz made on a similar amplifier that was bonded with
ribbons between a pair of finline transitions yielded input Fig. 3. Measured gain of monolithic W-band single-stage ampliker at 300 K
and output return losses of -I I dB and -6 dB, respectively, and 70 K. Gain has been corrected for wirebond loss from calibration fixture
These measurements were not de-embedded to remove the measurements.

effect of transitions and wirebonds, and thus, accounts for the
discrepancy with the optoelectronic measurements. When this is used to compensate the uncorrected amrifier

tne calibration fixture measurements are used to obtain gain data, a room temperature corrected gain of 4.5 dB at 94
a first order correction for wirebond loss in the measured GHz is obtained. This is in reasonable agreement with the
gain of the amplifier. This corrected gain at 300 K and waveguide measurements, which yielded a corrected gain of 6
70 K is shown in Fig. 3. At 85 GHz, the single-stage dB for a similar amplifier at 94 GHz. Since the repeatability
amplifier shows an increase in gain from 9 dB at 300 K of the optoelectronic measurements has been measured to
to 10.5 dB at 70 K. An overall improvement in gain of be within I dB, this difference in amplifier gain is likely
1.5 dB to 2.5 dB over the bandwidth of 75 to 100 GHz due to the method used to approximate wirebond loss in the
is observed when the amplifier is cooled. These results are optoelectronic measurements.
consistent with cryogenic measurements reported elsewhere
on other amplifiers at lower frequencies 11, 111. Based onwC
the calibration fixture measurements, approximately 2.5 dB Picosecond optoelectronic measurements have been suc
loss at 300 K is expected from the wirebonds at 94 GHz. cessfully performed on a pseudomorphic InGaAs HEMT W-
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band single-stage monolithic amplifier at cryogenic tempera- f3] H. B. Sequeira et at.. "Monolithic GaAs W-band pseudomorphic MOD-
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responses of pseudomorphic InGaAs HEMT discrete devices a picosecond optoelectronic. technique." IEEE Trans. Microwave Theory
Tech., vol. 37, pp. 1223-1231, Aug. 1989.at low temperatures. (71 M. Matloubian et at., "Picosecond optoelectronic measurement of S-
parameters and optical response of an AIGaAs-GaAs HBT," IEEE
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Millimeter wave sources at 60 GHz have been demonstrated using optically driven
heterojunction bipolar transistors configured as photodetectors. Two techniques were used to
optically generate the millimeter waves; the mixing of two cw lasers and the mode locking of a
semiconductor laser. The millimeter wave power generated from these two configurations was
radiated into free space using integrated planar twin-dipole antennas and heterodyne detected
with signal-to-noise ratios >40 dB. As part of these experiments, the dc optical gains and
quantum efficiencies of the heterojunction bipolar transistor photodetectors were determined.

There has been a growing interest in the use of optical linearly polarized laser was monitored with a wavemeter
wavelengths both in the transmission and generation of that had 0.001 nm resolution. Using a beam splitter, the
millimeter wave signals. The development of large band- two output beams of the lasers were made collinear and
width millimeter wave systems requiring a low-loss, light- then were focused onto the HBT using a 5 x lens objective.
weight, and interference-free transmission medium has The total electric field vector, E, impinging on the HBT
stimulated recent research in the area of optically con- can be written as
trolled millimeter wave devices.1' 2 In addition, there has
been considerable interest in the development of hetero- E,=Eh exp(jcoht) + Ed exp(jJdt), (1)
junction bipolar transistors (HBTs) as an alternative to
p-i-n detectors because HBTs can provide large photocur- where Eh, Ed are the field amplitudes and ch, •d are th-.
rent gains without high bias voltages and excess avalanche optical frequencies of the HeNe and dye laser, respectively.
noise characteristics.3 In the series of experiments pre- It can be shown that the optically induced output current
sented here, high frequency heterojunction bipolar transis- of the HBT is proportional to the square of the electric
tors are used as photodetectors integrated with planar field:8

twin-dipole antenna structures to generate 60 GHz radia-
tion. Our initial efforts employed two cw lasers in a mixing i(t) c IE,+2=E '+E ,+2EhEd cos(coh-(d)t. (2)
configuration to demonstrate proof of principle. In subse-

quent experiments, a mode-locked semiconductor laser was The first two terms in Eq. (2) correspond to the dc com-
substituted for the mixing system to produce a compact ponent of the optically generated output current of the
and highly stable radiation source.4.5 This combination of HBT. Rewriting this component in terms of the incident
an optical transit time device (mode-locked laser) and a optical power shows that the dc component of the optically
high speed phototransistor (HBT) defines a new type of generated output current is proportional to Ph+ Pd. The dc
optoelectronic millimeter wave source which can be dis- photocurrent gain (M), which relates the number of elec-
tributed to form novel coherent arrays. trons (or holes) in the collector current to the number of

The devices used in these experiments were abrupt incident photons is given by3.9

emitter-base junction Al0.48In 0.52As/Ga0 .47In 0.53As hetero-
junction bipolar transistors with dc common-emitter cur-
rent gains of 15. These transistors can have cutoff frequen-
cies (fT) and maximum oscillation frequencies (fmax) of GalnAs CONTACt I- I 10.. ,WS
90 and 70 GHz, respectively. 6 However, in order to allow
optical access to the device active region, an 8 X 8 lim emit- AlmAs E%,1rER n', .. I M 10. NO

ter window was included, which significantly reduced the
frequency performance of the device. The device layer AAI EM'1,TER
structure is shown in Fig. 1. The HBTs were mounted onto
twin-dipole printed circuit antennas that were designed to Ga|,A, BASE "'. I i ....

have optimum gain at 60 GHz. 7 The optically generated
millimeter waves were then radiated into free space and GInA, COLLECTOR n = , -0"

collected into waveguide using a large aperture horn. Using G,,a, StI 6COLLECTOR , = " -

a Gunn diode as a local oscillator, the millimeter wave
signals were heterodyne detected via a waveguide mixer. GaInA, BUFFER k \IW11 IS ID

In the first set of experiments, the HBTs were illumi-
nated with light from a frequency stabilized Kiton Red dye mIMS il INSt I A r iU st i r.rH \i
laser (600-640 nm, 0.6 mW) and a frequency stabilized
HeNe laser (632.8 nm, 0.6 mW). The wavelength of each FIG. I. HBT device layer structure.
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h v REF -20 dBin
M = - , -I--D), (3)

where I1 is the collector current measured with a floating
base, ID is the dark current, v is the frequency of the inci-
dent photon, h is Planck's constant, q is the electronic
charge, and P, is the incident optical power. Given that
Ph=jdP= 0 .6 mW, the total incident optical power as given
by Ph+Pd is P,= 1.2 mW. At 633 nm, the reflectivity of the
top Ga0 471n0o53As layer is 30%,l° thus reducing the inci-
dent optical power to P,=0.84 mW. The measured collec-
tor current, I1, is 1.5 mA and the measured dark current,
ID, is 130 nA. Substituting these values into Eq. (3) yields
a dc photocurrent gain (M) of 3.5. The quantum efficiency
can be determined using the relation'" CENTER 1 28 GHz SPAN St MIz

M RES BW I MHz VBW 3 MHz SVP 20 11ce

=1I+1, (4)
FIG. 2. Spectrum analyzer trace of the received millimeter wave radia.

where M is the dc photocurrent gain and fl is the dc tion at 59.5 GHz. Transmitting HBT was illuminated by 0.6 mW of dy.e

common-emitter current gain which was measured to be laser power and 0.6 mW of HeNe laser power.

15. Substituting these values into Eq. (4) yields a dc quan-
tum efficiency of 22%. used to drive the HBT/antenna circuit as is shown in Fig.

Looking back at Eq. (2), we see that the last term 4.4 The diode lasers used were two section lasers which
oscillates at the difference frequency I•0h-Wdl with mag- were mode locked using one section as a saturable ab-
nitude proportional to 2EhEd. We tune the frequency of the sorber. In these devices, the saturable absorber region is
dye laser such that the difference frequency, I w-Wdl, is biased to adjust the steady state absorption to the point
at 60 GHz and this millimeter wave signal is efficiently where small round-trip oscillations become unstable and
radiated into free space by the twin-dipole antenna. Con- mode locking occurs. The laser produces pulses < 2.5 ps at
verting to optical powers, the magnitude of the input op- 830 nm with an average power of 1.6 mW. The mode-
tical signal that is responsible for this millimeter wave sig- locked output can be regarded as a highly efficient means
nal can be shown to be 2 IPhPd, where Ph,Pd are the HeNe of directly modulating an optical carrier at a millimeter
and dye laser powers, respectively. Since Ph=Pd=0 .6 roW, wave frequency, and this output can be used to directly
the magnitude of the input optical signal as given by drive the HBT/antenna circuit. At 830 nm, the absorption
2 7 is 1.2 mW. Taking into account the reflectivity of coefficient of the Ga0471no s3As is Z 1.5 X 104 cm- I (Ref.
the top layer of the device in the same manner as before 3) and the Al0 481n0o 52As layers are transparent.' 2 There-
reduces the incident millimeter wave optical power to 0.84 fore, it is reasonable to assume that all of the light is ab-
mW. Figure 2 is a radiated signal with a center frequency sorbed in the base and collector regions and contributes to
of 59.5 GHz, a signal-to-noise ratio of 45 dB, and a 3 dB the photocurrent. Given that the reflectivity of the top
linewidth of 2.5 MHz. Based on the receiver conversion
losses, the power in the millimeter wave signal was esti-
mated to be 10-5 mW. Part of the losses in the conversion REF -20 dBm

from the incident optical power to the output millimeter
wave power result from the parasitics associated with the
8 x 8 urm emitter window. Grading the base of the HBT
and impedance matching the device to the antenna will
significantly improve the performance of the system. We
estimate that the output millimeter wave power can be- 2

come comparable to the incident light power.
In order to illustrate how the above experiment could W

be useful for applications in phased array antenna systems,
we electrically injected a -9 dBm, 118 MHz IF signal into
the base of the antenna mounted HBT while simulta-
neously optically mixing at 59.4 GHz (see Fig. 3). This
configuration produced sidebands spaced 118 MHz away
from the 59.4 GHz carrier. This result demonstrates that
one can encode an IF information signal onto an optically CENTER I 2 GHz SPAN to) Witl

RES BW 3 MN'z VRW 3 NIH. SW\%P "5 C,
generated millimeter wave signal.

In a second set of experiments, a mode-locked GaAs/ FIG. 3. Received millimeter wave signal with 118 hIl i --9 dIm) IF
AIGaAs multiple-quantum-well semiconductor laser was modulation electrically applied to the base of the lIBT.
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Optoelectronic Oscillator reduce the photocurrent gain of the device. Based on the
(OEO) -4- 2Se B band gap of the AlInAs emitter, we find that at 830 nm the

0,e Lo~ket, Doce-<-,,,,, emitter is transparent and at 633 nm light is being ab-
4

aen-----n=cte=• sorbed. 2 This explains the reduced photocurrent current
gain that was observed at 633 nm. From the above obser-

AsorMb~e, 'Ae vations, it is clear that these heterojunction phototransis-
tors are most efficient in the long wavelength range of

..... 0.830-1.3 " m.
Loa, -,, IIn summary, we have demonstrated the generation of0O•lalttyo r~ye

l! usable amounts of coherent millimeter wave power using
oCo,". e both optical mixing techniques and modulation techniques

r....... ,-with mode-locked laser diodes. Future efforts to increase
HBT,'An...."athis millimeter wave power include incorporating fasterHBTs with larger gains, optimizing the optical absorption

interaction region using new materials and new structures.
FIG. 4. Experimental setup of the millimeter wave Optoelectronic Oscil- and coupling to specially designed matched broadband an-
lator (OEO). tenna systems. High frequency heterojunction phototrans-

istors and optical waveguides can be used to form simple
versatile systems with applications in communications and

Gamo 4un 0 55As contact layer is 30%, we calculate that the phased array radars. Because of the intrinsic gain of the
amount of light absorbed in the HBTs active region is high frequency HBTs and the ease in which amplifying
P,= 1.12 mW. The measured collector current is Ico 7 .6  MMIC circuits can be incorporated, substantial radiated
mA and the dark current is the same as before. Substitut- powers can be obtained with this approach. Current efforts
ing these values into Eq. (3) gives a dc opticaln of are underway to make integrated configurations with mul-
M=i 10. From Eq. (4), this leads to a dc quantum effi- tiple planar optical waveguide feeds
ciency of i/= 50%. The millimeter wave output had a The authors would like to thank the Microwate De-
signal-to-noise ratio of 40 dB and a 3 dB linewidth of < vices and Circuits Department at Hughes Research Labo-
500 KHz. The center frequency was 65.12 GHz, which ratories in Malibu, California for providing the HBTs and
corresponds to the laser mode locking frequency. The out- Ortel Corporation in Alhambra, California for providing
put millimeter wave power was measured to be 10- 4 mW. the mode-locked laser diodes used in these experiments.
As shown in Fig. 4, the combination of the laser diode and This work was supported by the Air Force Office of Sci-
the HBT results in a fixed frequency, narrow linewidth entific Research under the direction of H. R. Schlossberg
source and defines a new type of semiconductor-based op- and by the National Center for Integrated Photonics Tech-
toelectronic millimeter wave oscillator. This compact mil- nology.
limeter wave source lends itself well to monolithic integra-
tion and an array of on-wafer sources can be assembled for
use in phase array radar.

The previous experiments showed that the experiments 'P. R. Herczfeld. IEEE Trans. Microwave Theory Tech. MTT-38. 465
performed at 830 nm were more efficient than those at 633 2(1990).2R_ Simons, Optical Control of Microuave Devices (Artech House. Bos-
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the carriers generated by the absorption of light in the 3 L. Y. Leu. J T. Gardner, and S. R. Forrest. J. Appl. Phys 69. 1052
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tion leading to a current flow in the external circuit. The MflT-37. 593 (1989).
holes that are generated in these regions are swept into the $A. Yariv, Optical Electronics (Holt. Rinehart. and Winston. Ness York.yincreasing the base potential. This increases 1985).base thereby ices J. C. Campbell, in Scmiconductors and Senmnetals 22. edited hs \V T
the forward bias at the base-emitter junction causing a Tsang (Academic. Ness York. 1985). Chap 5
large number of electrons to be injected from the emitter '6D. Olego, T. Y. Chang. E. Silberg. E. A. Caridi. and A Pinczuk. AppI

into the base, which results in a large electron current flow Phys. Lett. 41. 476 (1982).

from the emitter to the collector. This is the mechanism for "N. Chand, P. A Houston. and P. N. Robson. IEEE Tran, ElectronDevices ED-32. 622 ( 1985)
photocurrent gain. If light is absorbed in the emitter, than '2C. Y Chen. Y M. Pang. P A. Garbinski. A Y Cho. ind K A.-lii.
the emitter injection efficiency will be reduced and this will Appi Phys Letli 43. 308 (W)83)

3 Aoot Phvs LpIt Vol 61 No 1 6 Julv 1 QqC "'-tt 1 ,,,- -



Suggested area: Quantum Electronics and Compound Semiconductor Devices
Novel 100 GHz C.W. GaAs/AlGaAs Multiquantum Well

IMPATT Oscillators

C. C. Meng and H. R. Fetterman
Department of Electrical Engineering
University of California, Los Angeles

Los Angeles, CA 90024

D. Streit, T. Block and Y. Saito
TRW

Electronic Systems Group
Redondo Beach, CA 90278

We have successfully fabricated and tested GaAs/Alo.3 Gao.7 As MQW (Multiquantum Well)
IMPATT oscillators at 100 GHz. For the first time to our knowledge, C.W. operation of
MQW IMPATT devices at 100 GHz has been achieved. GaAs IMPATT devices show a
fall-off in efficiency at high frequencies because of the saturation of ionization rates at high
electric fields. MQW GaAs/AlGaAs IMPATT devices potentially can outperform conven-
tional GaAs IMPATT devices because the quantum wells improve the nonlinearity of the
avalanche process and reduce the ionization rate saturation limitations 11112). Preliminary
results yielded, in a non-optimized circuit, 1.1 mW C.W. power at 103.8 GHz and 320 mA
bias current. The C.W. operation of MQW IMPATT devices at frequencies above 100 GHz
opens up a new field for the applications of modern epitaxy technologies to two terminal
high frequency sources.

The epitaxial layer structure shown in figure 1 was grown by MBE on p+ GaAs. The struc-
ture is a p+n junction with five periods of multiquantum wells (100A barrier length and
100iA well length) in the avalanche region. The active layer doping densities of 2 x 1017/cm 3

for GaAs layers and 1.4 X 1017 /cm 3 for Alo.3 Ga0 .7As layers were designed for the simple
growth condition of a constant Si flux rate in an MBE system. The room temperature I-V
curve in figure 2 for the structure in figure 1 shows the desired hard breakdown at 10.2 V
and low leakage current density (less than 10- 2A/cm 2).

Figure 3a shows a picture of the fabricated diodes before mounting on a diamond heat sink.
Diodes are 10 lim thick to minimize the ohmic loss and have AuGe(900A), Ni(150A) and
Au(l~ra) on both sides. Figure 3b shows a diagram of the device which is packaged inside a
18 mil I.D. quartz ring. The device area is trimmed to 1 pf at zero bias and a Kurakawa type
circuit is used for r.f. testing. Figure 4 shows the spectrum of the C.W. MQW IMPATT
oscillator at 101.3 GHz. The relation between output power and bias current is shown in
figure 5. Optimization for device-circuit impedance matching is under way and significantly
higher powers are anticipated.

REFERENCES

[1] D. Lippens, 0. Vanbesien, and B. Lambert, "Multiquantum Well GaAs/AlGaAs Struc-
tures Applied to Avalanche Transit Time Devices", Journal De Physique, C5-487(1987).
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A THEORETICAL ANALYSIS OF MILLIMETER-WAVE GaAs/AIGaAs
MULTIQUANTUM WELL TRANSIT TIME DEVICES BY THE

LUCKY DRIFT MODEL

C. C. Meng and H. R. Fetterman
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Los Angeles, CA 90024-1594

ABSTRACT

Multiquantum well structures are potentially better than bulk materials in millimeter-

wave avalanche transit time oscillator applications. They are potentially superior be-

cause multiquantum well structures can increase the nonlinearity of the avalanche

process in high electric fields. In this paper, we incorporate the multiquantum well

ionization rates described by a lucky drift model into a modified Read type large signal

simulation. The simulations show that 13% efficiency at 100 GHz and 9% efficiency

at 150 GHz can be achieved with properly designed GaAs/AlGaAs multiquantum well

avalanche transit time devices. These results are comparable to the state of the art

experimental results in Si IMPATT devices.



I INTRODUCTION

The recent development of fine epitaxial techniques such as MBE (Molecular Beam

Epitaxy) and MOCVD (Metal Organic Chemical Vapor Deposition) have made possi-

ble the fabrication of ultrathin heterostructures. This capability in synthetic electronic

materials allows the adjustment of many physical parameters that were previously

thought to be solely determined by the bulk material. One example of the physical

phenomena affected by modern epitaxial techniques is the avalanche process in multi-

quantum well structures. This concept has been successfully applied to the avalanche

photodiode to reduce avalanche noise[l, 2]. Little work has been developed along the

direction for IMPATT (IMPact ionization Avalanche Transit Time) devices. Typically,

the efficiency of a single-drift flat-profile GaAs IMPATT device shows a fall-off at fre-

quencies above 50 GHz. This fall-off is mainly due to the saturation of ionization rates

in high electric fields[3]. This drastic decrease in the nonlinearity of ionization rates

results in a broadened injected current pulse in a less localized avalanche region. The

saturation of ionization rates in high electric fields can be improved by substituting a

multiquantum well structure for a bulk material in the avalanche region. The improve-

ment in the nonlinearity of the avalanche process leads to a narrow injected pulse in

the avalanche region, thus the efficiency of a multiquantum well device becomes higher.

Lippen et al.[4, 5] performed a simplified particle simulation and projected an increase

of the conversion efficiency on several GaAs/AIGaAs multiquantum well structures

at 100 GHz. Christou et al.[6] made a GaAs/AlGaAs multiquantum well MITATT

(Mlxed Tunnel Avalanche Transit Time) device and achieved 2% efficiency at 94 GHz

under pulsed operation. These earlier works have shed light on the applications of

modern epitaxial techniques to two terminal high frequencies devices.

In a multiquantum well structure, a carrier starts from a non-zero energy (Eo)



to reach the ionization threshold energy[7]. Thus, the effect of a multiquantum well

structure is to reduce the effective ionization threshold energy. The effective ionization

threshold energy (El) can be expressed as E4 = ET - E0 , where ET is the ionization

threshold energy for the narrow bandgap material in a multiquantum well structure.

The non-zero energy (Eo) consists of the band offset energy and the energy obtained

from the potential barrier. A carrier gains more energy from the potential barrier as

the electric field becomes hiigher. In general, the energy obtained from the potential

barrier is quite large in the high electric fields used for the IMPATT device applications

at W-band frequencies (75-110 GHz) and becomes small in the low electric fields used

for the avalanche photodiode applications. In other words, the amount of reduction

in the effective ionization threshold energy becomes larger in a higher electric field.

Thus, the saturation of ionization rates is improved in high field regions. This non-

zero energy is also responsible for the large a/#? ratio, where a and / are the electron

and hole ionization rates, respectively. However, the enhancement of the ratio, a/fl, is

diminished in the high electric fields.

In the present paper an analytical method based on the lucky drift model is ap-

plied to describe the avalanche process of multiquantum well structures. A detailed

description of the analytical method is given in the following section. In section 3, a

modified Read type simulation is used to evaluate the device efficiency. The simula-

tions clearly show that GaAs/AlGaAs multiquantum well IMPATT devices have an

efficiency advantage over GaAs bulk IMPATT devices for the frequencies above 100

GHz. A discussion of the results and conclusion are given in the last section.
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II LUCKY DRIFT MODEL FOR THE MULTIQUANTUM
WELL STRUCTURE

Impact ionization is characterized by an ionization threshold energy. Electrons (holes)

under the heating influence of an electric field try to reach this ionization threshold

energy. Most electrons (holes) never actually achieve this threshold energy due to the

energy relaxation by phonons. In wide bandgap semiconductors, the dominant scat-

tering process for high energy electrons and holes comes from interactions with optical

phonons. Phonons with small energy effectively randomize a carrier's momentum, but

do not relax most of the carrier's energy. Therefore, the energy relaxation length is

much longer than the momentum relaxation length. In the case of a simple parabolic

band, we can write the relation between energy relaxation length AE and momentum

relaxation length Am as follows.

,\E \i (iE=2 <EA,>(1

where e is the electronic charge, and ý is the electric field, < Ep > is the effective

phonon energy at temperature T.

The lucky drift model has been developed by many people to describe impact ion-

ization events for an ideal parabolic band[7, 81. This model is based on the distinction

between the energy and the momentum relaxation time. In this model, an electron

(hole) starts ballistically at zero energy and tries to reach the threshold energy. After

the first momentum relaxation collision, the electron (hole) is in a drift motion state.

Most of the unsuccessful attempts end in energy relaxation so that a carrier starts from

zero energy again. Occasionally, an electron (hole) that suffers few phonon collisions

can luckily attain the ionization threshold energy. In a successful attempt, a carrier
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travels only a distance 1o,

10 =ET (2)

to reach the ionization threshold energy. As pointed out by many authors[7], these

electrons (holes) that are responsible for impact ionization are in a state called the

lucky drift state. This model was further modified when a "soft" threshold energy

was introduced[9-11]. A "ýoft" threshold means that an electron (hole) has a finite

impact ionization probability, even if the energy exceeds the threshold energy. This

situation is in contrast to a hard threshold energy model, which assumes that impact

ionization occurs immediately after a carrier reaches the threshold energy. The degree

of "softness" is reflected by a non-zero ionization mean free length (Ai.,) in the lucky

drift model. These four physical parameters, the momentum relaxation length (Am),

the energy relaxation length (AE), the minimum distance to reach the threshold energy

(1o) and the ionization mean free length (AIM), constitute the fundamentals for the

lucky drift model. Furthermore, A\, and Ao,, are constants and AE and 10 are given in

equation (1) and (2) for the case of a parabolic band.

From Woods' derivation[11], the electron (hole) ionization rate a (f) can be ex-

pressed as follows:

AEf(AE) - AM .)(3)

a•,• = 4M(1 - f(AE))-- )q(1 - f(Am))'

where
'_a) r [ AAo, ,,)2er /f•~, A,o (4)1

f(A) = exp 0-) [1 - exp erfc (4)

and erfc is the complementary error function.

From our multiquantum well structure design approach, the carrier starts from a

non-zero energy instead of zero energy. A multiquantum well structure consists of
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two alternative materials; one has a wide bandgap (potential barrier) and the other,

a narrow bandgap (potential well). Consider the case of an undoped GaAs/AIGaAs

multiquantum well structure under bias. When an electron (hole) enters the wide

bandgap material, it gives up some energy to the band discontinuity and encounters

a higher ionization threshold energy. Therefore, impact ionization is difficult in the

barrier region. As long as the barrier thickness is comparable to the energy relaxalion

length, an electron (hole) can accelerate to a higher energy without energy relaxation.

On the other hand, when a high energy electron (hole) exits the barrier and enters the

well, the electron (hole) starts from a non-zero energy to reach the ionization threshold

energy. The periodic property of a multiquantum well structure serves as a constant

supply for the non-zero energy. The non-zero energy (Eo) can be expressed as follows:

Eo = AE + eIef/. AE is the band discontinuity and efleqj is the energy obtained from

the potential barrier, where ef f is the effective energy acceleration length and is equal

to the smaller value of the two quantities, (1) energy relaxation length and (2) barrier

length. For the case of a parabolic band, the energy relaxation length is proportional

to the electrical field as shown in equation (1).

The physical meaning of the non-zero starting energy is to reduce 1o (the minimum

distance to reach the ionization threshold energy). Thus, the effect should appear in

f(A). The derivation of a new formula for ionization rates using the assumption that a

carrier starts from Eo is provided in the appendix of this paper. Equation (4) for the

ionization rate still holds except that one variable q = Eo/ef is introduced to modify

f((A). For 17 < lo,

exp (_ Ao ( 77) ) 2 /

f(A) = expe1o-) [ -- ox / o erfc 0 .(5)
A 1 A e /ra A\/7(5)
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and for 1/ lo0,
~21

f(A) = 1 - exp +A + 1, ) erfc - +(6)

Some trade-offs must be made in the design of a multiquantum well structure. The

well length should be long enough so that carriers from the barrier can ionize easily

and gain enough energy to get out of the well. On the other hand, if the well length

is too long, bulk type impact ionization can occur. The length of the barrier layer

should be long enough so that carriers can gain enough energy from the electric field to

improve the saturation of the ionization rates. However, the barrier layer length should

not be too long such that impact ionization can occur in the barrier region. From our

estimate, the optimal length for both barrier and well length should be between 100A1

to 200A for IMPATT devices at W-band frequencies.

III LARGE SIGNAL SIMULATION

Many full scale simulation schemes for IMPATT devices are described in the literature

[12, 13]. Accurate results can be obtained provided that the precise relation between

ionization rates and electric fields is given. However, these techniques require a great

amount of computing time. On the other hand, a Read type analysis, which has

well-defined avalanche and drift regions, can provide more physical insights and is

more economical. Because our goal is to show the efficiency advantage of a properly

designed GaAs/AIGaAs multiquantum well structure over a GaAs bulk material at

high frequencies, a Read type analysis is sufficient.

In the design of a multiquantum well IMPATT device, quantum wells are placed

in the avalanche region only. Here, a 10021 well length is chosen for all the structures

to accommodate many quantum wells in the avalanche region. In general, there does

not exist a well-defined boundary for the avalanche region. The avalanche region is the
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region where most of the avalanche multiplication takes place. For the case of a p+n

single-drift flat-profile IMPATT device, an avalanche region was defined as the region

from the junction interface to the point where the electron current equals to 95% of

the total current.

A knowledge of ionization rates as a function of the electric field is required to

analyze the dynamics in the avalanche region. The junction temperature of an IMPATT

oscillato • is normally close'to 500°K. The device operates over very high electric fields

at millimeter-wave frequencies and the ionization rates in such high electric fields are

difficult to obtain. Moreover, almost all the available experimental data were measured

*1 at room temperature. However, ionization rates over a wide range of electric fields at

500°K for various design parameters (barrier length and well length) are needed for

simulations of the multiquantum well IMPATT structure. it is feasible to use the model

developed in the previous section to obtain the ionization rates for a multiquantum

well structure.

For the lucky drift model, another set of parameters, Am, < Ep >, ET, and Ai, are

used because they are independent of the electric field and have a simple dependence

on temperature. At temperature T, we have

Am Am(O) <_=Ep and Ai Aio.(O)
-2njl <E >= 2n +-- ' - 2n/'-7

where Ep is the phonon energy, n is the average number of phonons at temperature T,

and A,(O) and Aiom(O) are the momentum relaxation length and ionization mean free

path at zero degrees Kelvin, respectively. The ionization threshold energy is propor-

tional to the bandgap energy and has a weaker dependence on the temperature than

other parameters. In this paper, we neglect the small dependence on temperature for

the ionization threshold energy.

Bulman et al.[141 undertook a systematic and detailed study on the ionization rates
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for GaAs material in electric fields up to 6.25 x 10WV/cm for GaAs material. A total

of 44 pn junctions from a large number of wafers were measured and the results are

claimed to be the most re!iable data up to date. When Ej-=29meV, E'=-.7eV for

electrons and E-r=1.424eV for holes were chosen to fit the experimental data measured

by Bulman et al., Woodsf1] obtained

A,m(O) = 86.4A, Aloe(O) = 680A for electrons in GaAs,

Am(0) = 73.6A, A),,•(O) = 681.4A for holes in GaAs.

Here, we use a 75/25 rule for the band offsets[15]. For the Alo.3Gao.7As/GaAs mul-

tiquantum well structure, AE, is equal to 0.281eV and AE. is equal to 0.094eV. We

assume that both GaAs and A1GaAs materials have the same momentum relaxation

length. The above physical parameters, together with the barrier length, allow us

to model the ionization rates for the multiquantum well structure at the operating

temperature (500 0K).

In large signal analysis, the multiquantum well avalanche region is replaced by an

equivalent "bulk" material. The "bulk" material has the same ionization rate as a

function of the electric field as the corresponding multiquantum well structure. The

concept of an equivalent "bulk" material is straightforward for a low-high-low profile

IMPATT device because there exists a constant electric field in the avalanche region.

However, this is also the case for other doping profile designs, as long as the electric

field in the avalanche region changes smoothly.

A modified Read type large signal analysis[3] is used to investigate the cases of p+n

single-drift flat-profile multiquantum well IMPATT diodes. The large signal analysis

used here provides for different ionization rates for electrons and holes. A single-drift

flat-profile structure is relatively easy to design. The doping density of the flat-profile
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structure is designed so that the punch through condition occurs at breakdown. Fixed

depletion layer boundaries are assumed and the diffusion effect is not included in order

to simplify the analysis. In this section, all the governing equations are put in their

normalized forms to facilitate analysis at different frequencies.

Figure 1 shows the layer structure of a W-band GaAs/Alo. 3Gao.7 As multiquantum

well IMPATT device based on large signal simulation. The structure has quantum

wells with 100A barrier lehgth and 100A well length in the avalanche region. The

governing equation for the normalized injected current in the avalanche region is

-; d -7"- (7)

where w is the angular frequency, Ji,, is the injection current density, Jdc is the bias

current density, W is the depletion width, and V,, is the electron saturation velocity. In

equation (7), we use the quasi-static model developed by Decker et al.[16] to calculate

re. In Read's original derivation, r. becomes unity. In equation (7), M,, and T', are

defined as:

1

1 fOWAa exp (fo'(a - 8)dx) dx' 8

Mn 1 Wf exp(I f(af-)dx)dx, (9)

where WA is the width of the avalanche region, a is the electron ionization rate, P is the

hole ionization rate, and Vp is the hole saturation velocity. The saturation velocities

of electrons and holes are very close in GaAs material. We also assume that the

electron saturation velocity is equal to the hole saturation velocity in multiquantum

well structures. The space charge effect is neglected in this modified Read type analysis,

thus (KM~wr•)- can be calculated as a function of the peak electric field at the junction

interface for a given doping density.

Figure 2 illustrates the (icMnw7,)-' as a function of the normalized electric field

9



S((&0-.L)/I) for several structures, where fo is the electric field at the junction interface,

• is the electric field at the junction under static breakdown, -(xM ~wT.)- is the

growth rate if the instaneous electric field at the junction interface is larger than the

peak electric field under static breakdown, otherwise -(KM ~wTn)1 is the decay rate.

The saturation of the ionization rate leads to a slowly varying behavior of -(KM~,,wr.)-1

as a function of the normalized electric field. The improvement by multiquantum

well structures is evident by the fact that the growth rate (or decay rate) changes

more rapidly as a function of the normalized electric field when the barrier length

increases. The slowly varying behavior causes a wide injected pulse; however, quickly

varying behavior causes a sharp narrow injected pulse that will increase the efficiency

correspondingly.

Using Poisson's equation, the normalized peak electric field at the junction interface

(x = 0) in figure 1 can be shown to be related to the terminal voltage and the injected

current as follows:

o(t) = 1 +V(W - J 1- ) Jinj (WWdx, (10)+ _. W (10)'"
W& V Jdcb w& w

where V(wt) is the applied voltage across the diode, e is the dielectric constant, and

VB is the static breakdown voltage. Here, we consider the case where V(wt) = Vdc +

Vq/ sin(wt), and Vd, is the bias voltage when the device oscillates.

The injected current as a function of time can be calculated from equation (7) once

the peak electric field is given. On the other hand, the peak electric field is also a

function of the injected current as shown in equation (10). Thus, the two coupled

equations can be solved by iteration methods. For the first iteration, the space charge

effect in the drift region (the last term in equation (10)) is set at zero. In solving

equation (7), the bias voltage (Vd,) is adjusted until the injected current is continuous

and periodic. The terminal induced current can be obtained from the injected current

10



through the relationship below,

J,.d WA J,i.(t) fW Ji.i (wWt - ! ) dd
"Jd, W Jdc + J W" (11)

Using equation (11), admittance can be calculated as a function of the r.f. voltage

amplitude by performing a Fourier transform of the induced current. The injected

current from the previous iteration is used to calculate the peak electric field for the

next iteration. The iteration process is repeated until a convergent self-consistent

solution is reached. The criterion for the convergence is that the percentage change in

admittance from one iteration to the next iteration is less than 1%.

A prior knowledge of the carrier's saturation velocity is not needed in the simulations

when wW/V, is set to 7r. This value for wW/V,, makes the transit angle, w(W-WA)/V.,

close to 0.747r and optimizes the transit time effect. Thus, efficiency can be calculated

as a function of the r.f. voltage amplitude for a given depletion width. A saturation

velocity of 5 x 106cm/s for electrons at 500°K was adopted to get the corresponding

frequency for any depletion width. Figure 3 illustrates the efficiency dependence on

the r.f. voltage amplitudes for three different multiquantum well structures as well

as the bulk GaAs material at 100GHz (0.25prm depletion width). For multiquantum

well structures, oAie has a barrier length of 100A1, another has a barrier length of 150A

and the other has a barrier length of 200A. The normalized D.C. current density,

Jd,/(ecV,,/W), is set to 0.1 for all the simulations. The multiquantum well IMPATT

devices at 100 GHz has a higher efficiency than bulk GaAs devices for any normalized

r.f. amplitude. The improvement on efficiency becomes higher for the multiquantum

well structure with a larger barrier length because the enhancement in the nonlinearity

of the avalanche process is stronger.

Figure 4 shows the efficiency as a function of frequency. The normalized r.f. ampli-

tude (Vf/VB) is set to 0.5 and the normalized D.C. current density is set to 0.1 for all
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the simulations. For comparison purposes, the simulation results for GaAs IMPATT

devices at different frequencies are also shown in figure 4. The state of the art exper-

imental results[17] [181 [19] [20] for single-drift GaAs IMPATT devices are also shown

in figure 4. The simulation results for GaAs agree well with the available experimental

results. The simulations show that multiquantum well IMPATT devices can achieve

13% efficiency at 100GHz (200A barrier length) and 9% efficiency at 150GHz (150A

barrier length). The resultý in figure 4 clearly demonstrate that a multiquantum well

IMPATT device has an efficiency advantage over a bulk IMPATT device for frequencies

above 100 GHz.

The normalized admittances for a GaAs IMPATT device with 0.25p1m depletion

width and a 200A barrier length multiquantum well IMPATT device of the same de-

pletion width are plotted in figure 5. The transit angle varies from 0.77r to 1.5r in

0.27 intervals and the normalized r.f. amplitude varies from 0.1 to 0.5 in 0.1 intervals.

The larger conductance for the multiquantum well structures comes from the increase

in the nonlinearity of the avalanche process, while the susceptance mainly comes from

the cold capacitor, cA/W, where A is the device area. The increase in conductance

also makes multiquantum well IMPATT devices less susceptible to the series resistance

associated with the remaining substrate and ohmic contacts to both p+ and n+ layers.

Moreover, the decrease in quality factor for multiquantum well structures facilitates

the impedance matching to the oscillator circuit.

IV DISCUSSION AND CONCLUSION

A multiquantum well structure can increase the nonlinearity in the avalanche process.

This strong nonlinearity limits the particle generation to a confined region. Therefore,

a Read type simulation becomes an appropriate way to analyze the performance of mul-
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tiquantum well IMPATT devices. Although the extrapolation of the ionization rates in

high electric fields and the exclusion of diffusion effects in our Read type analysis affect

the accuracy of the simulation, the relative improvement achieved by a multiquantum

well structure is preserved. Because the degree of saturation in ionization rates is less

in multiquantum well structures, either a hi-low or low-hi-lo Read type design can be

used for the purpose of efficiency optimization[21]. The avalanche region has an in-

ductive effect and does not'contribute to the power generation. A Read type structure

reduces the voltage drop in the avalanche region, thus efficiency is enhanced due to the

increase in amplitude modulation (Vf/Vdc). The output power and efficiency can be

further improved by using a double-drift type design.

A well width parameter does not appear in the design model. If the well width is not

properly designed, the geometrical effect can take into place and degrade efficiency[22].

The geometrical effect could be more pronounced for the case of a soft threshold energy

due to the fact that a carrier has the chance to see more quantum wells before impact

ionization. The ionization mean free paths used here for electrons and holes are about

350A at 500*K. Thus, the ionization threshold energy is not very hard. However,

the band structure for GaAs material deviates strongly from the parabolic shape for

energy near the threshold energy. The "soft" threshold energy could come from the

band structure effect because a parabolic band is used in the lucky drift model[23]. For

the case of equal barrier and well length, a factor of 2 reduction in ionization rates is

used to present the worst case of the geometrical effect. This reduction in ionization rate

raises the operating point to a higher saturation region, thus degrading the efficiency

of the device. The efficiency for a structure with 200A barrier length and 200A well

length drops from 13% to 10% for the worst case of the geometrical effect. For the

detailed influence on device efficiency, a more sophisticated design model incorporating
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the effects of well width and "soft" threshold energy is required.

In conclusion, our simulation confirms the efficiency advantage of multiquantum

well IMPATT devices for the frequencies above 100 GHz. The efficiency improvement

in multiquantum well structures opens up a new field for the applications of modern

epitaxy technologies to two terminal high frequencies sources.
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* APPENDIX

The ionization rate is the reciprocal of the average distance < 1 > travelled between

ionization events. If on the average it takes < N > attempts before a successful attempt

occurs, < I > can be expressed as follows

< I >= (< N > -1) < Z >E + < Z >1, (A.1)

where < z >E is the average distance travelled for an unlucky attempt that ends in

energy relaxation, and < z >1 is the average distance travelled for a lucky attempt

that ends at impact ionization. In a multiquantum well structure, a carrier starts

from a non-zero energy Eo to reach the threshold energy. Because both the energy

relaxation length (AE) and the momentum relaxation (A,,) are independent of the

energy in a parabolic band, the probability (P(z)) that a carrier starts from z=O to

reach z without energy relaxation is not a function of the non-zero starting energy.

The probability, P(z), is composed of the ballistic component and the drift component

(PE(z)). The formula for P(z) and PE(z) can be expressed as follows:

PEW = AE exp (-z--) - exp (- (A.2)Pz)=AE-- Am EA,

AEexp (-z)- A exp z)
P(z) = TE- '" (A.3)

AE - Am

If the non-zero starting energy is less than the threshold energy, ionization can only

occur when a carrier travels a distance of lo- q, where 77 = Eo/eC. Thus, the probability

(Pj(z)) that a carrier reaches z without ionization is given by the equation:

= I - (lo - for z<o-r(

S exp 4A? for-(A.4)

Here, we have the following formula:

_ = fP(z)P•(z) dz ,(A.5)

15



*<z> = - 00 dz (A.6)< N > 4,1,(Z

<z >E I ) P( dz (A.7)
E <N>) z *PE(z)PJ(z)'

Where dz/AI(z) is the probability of impact ionization at z and dz/AE is the probability

of energy relaxation at z. Therefore, the equations for ionization rates axe the same as

equations (3) and (4), except l1 is replaced by Io - i, in equation (4).

For the case where the non-zero starting energy is larger than the threshold energy,

the probability of reaching z without ionization can be expressed as follows:

PI(z) exp(,Z2 exp ( 1 ) (A.8)

Here, we have

1 _ p(zip(z) dz, (A.9)

<N> o Az)\9)

When the right hand side of (A.9) is integrated by parts using the relation -dP(z) =

PE(z)dz]AE, < N >-I can be expressed as follows.

1
<N>

*= 1dIo Pt(z)PE(z)
_E__ 1-_ •( 7(1-l) (±~

=A AE 1 0exp exp 2" z (- ezp

[i1--.- "foexp (- 7z2 j ) exp ( exp(--)dz] (A.10)

Here, we have
< ZoI 0 dz (.1

<N> > _ zP(z)Pt(z) At(z)

When the right hand side of (A.11) is integrated by parts using the relation -dP(z) =

PE(z)dz/AE, < z >j< N >-I can be expressed as follows.

< Z >1 j P,(z)P(z)dz - 0 zP,(z)PE(z) d (A.12)
<N> Jo
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Therefore,

<-N> <Z> <N >

=joPI(z)P(z)dz

[•4 [ exp( rz r(1 - lo) z ( z) dz]
•E-- ' 4,, exp 2A? ' ex -

IAJ son

E-\A [1 Joexp 4, 2 exp ( 7A -1) , exp z-•) dz] (A.13)

In summary, by using the definite integral:

fc-1 2"4 b)
jexp-(ax2 + 2bx)dz •V•expe (A.14)

= 7erach,

we can obtain the following formula for impact ionization rates of a multiquantum well

structure:

A Ef( AE) - A•mf(A•m) (A.15)

'= (1 - f(AE)) - \2(1 - f(A\))'

If /< lo, then

f(A) exp Axp , erfcFA

If 77 I0, then

A(A) 1-Aton [xAion + V/(7r~ - 10 2rf Aio + \r17- 10) (A.17)
A e rxp ,o/A 2A,, \/rAA,
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FIGURE CAPTION

Fig. 1 The layer structure of a 100 GHz GaAs/Alo. 3Gao.7 As multiquantum well IM-

PATT device. The quantum wells with 10021 barrier length and 100A1 well length are

placed in the avalanche region.

Fig. 2 Normalized growth (decay) factor, ( I ) / (W as a function of the

normalized electric field (b=(2) for bulk GaAs material and GaAs/AIO. 3Gao.7 As mul-

tiquantum well structures. 'The depletion width is 0.25pm for each structure.

Fig. 3 Efficiency as a function of VfI/VB for GaAs and GaAs/Alo. 3GaD.7 As single-drift

flat-profile multiquantum well IMPATT devices at 100 GHz.

Fig. 4 Calculated efficiency as a function of frequency for GaAs and GaAs/Alo.3 Gao.7 As

single-drift flat-profile multiquantum well IMPATT devices. Calculated results for mul-

tiquantum well IMPATT devices with 100A barrier length(A), 150A1 barrier length(V),

200A1 barrier lerigthO and bulk GaAs IMPATT devices(o). e, * and x are the state

of the art experimental data for single-drift flat-profile GaAs IMPATT devices. + is

the experimcital result of a single-drift Read type GaAs IMPATT device at 130 GHz.

Fig. 5 Normalized conductance and susceptance plot for GaAs and 20021 barrier length

multiquantum well IMPATT devices. The unit for conductance and susceptance in the

plot is . Solid arrows point to the normalized frequencies and dash arrows point

to the normalized r.f. voltage amplitudes, where frequency is norrnialized to 100 GHz

and r.f. voltage amplitude is normalized to VB.
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Department of Electrical Engineering
University of California at Los Angeles
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ABSTRACT

High speed wafer-scale optical interconnections have been achieved using
hybrid opto-electronic integrated circuits (OEIC's). Polyimide channel waveguides
fabricated using direct laser writing (DLW) served as the interconnect media
between the high frequency signal sources and the high speed detectors. The 50
GHz optical interconnection reported here could potentially be used in the
implementation of sophisticated wafer scale systems such as phased array
radars.

1. INTRODUCTION

The aim of this work was to realize high speed interconnects at the wafer
level. Recently, Hewak et al. have reported studies on polyimide channel
waveguides fabricated using DLW. 1 -3 Using this simple yet powerful technique,
we have fabricated waveguide structures that could form the basic units of
OEIC's. Experiments were performed to demonstrate millimeter wave optical
interconnections using these waveguides in a hybrid OEIC configuration. This
work can be extended to form optically integrated millimeter wave circuits.

2. WAVEGUIDE FABRICATION AND CHARACTERIZATION

In these experiments, a commercially available polyimide from Ciba Geigy,
probimide 293, was used as the waveguide material. The substrates used were
Silicon and Gallium Arsenide. The index of refraction of the polyimide in the
400nm-800nm range was -1.65 while the substrates had a high index of -3.5.
Therefore SiO 2 buffer layers with an index of -1.45 and a thickness of 1-2 gtm
were used to reduce the substrate leakage losses. 4 Thermal oxidation on Si and

p



repeated spin coating of a Silica Gel solution on GaAs, respectively provided the
required buffer layers. Silicon substrates were given preference during the later
parts of the study primarily due to the ease of fabrication although the concepts
apply for GaAs as well.

Fig. 1 shows the three-step process sequence used to fabricate channel
waveguides on the buffered substrates. During the pre-writing stage, the
polyimide was spin-coated on the substrates at 1500 rpm for 30 sec. This was
followed by a soft-bake at 500C for 30 minutes which provided a semi-hardened
film. In the laser writing step, the substrates were mounted on a computer
controlled X-Y translation stage and moved at a speed of 100 gm/s while being

- exposed to a stationary laser beam. The polyimide is virtually transparent to the
laser radiation at 457.9 nm and therefore heating caused by absorption in the
substrate led to localized solvent evaporation (curing) and selective hardening of
the polyimide film. During the post-writing step the soft polyimide is etched
away by dipping the substrates in polyimide thinner for 15 min (using an
ultrasonic bath decreases this time). The uncured polyimide was soft and
therefore etched much faster compared to the laser-hardened regions. Finally,
nitrogen blow-dry and hardbaking at 1250C for 1 hour completed the waveguide
fabrication. Light guiding multimode structures with typical dimensions of 45 gtm
x 12 gtm and smooth sidewalls were obtained using this technique. It should be
noted that the parameters involved must be carefully monitored for successful
yields. In particular, a low softbake temperature resulted in films which were too

b soft thus making it difficult to induce differential etching rates by laser writing.
Too high a softbake temperature induced excessive stress in the film causing
cracks to develop during the etching step.

2. LOSS MEASUREMENTS

Channel propagation loss measurements were carried out using a
cornerbend structure shown in Fig. 2a. The assumption made is that light
scattered out of the waveguide is directly proportional to the light guided within
the waveguide. Under these conditions simply by detecting the scattered light it
is possible to estimate the scattering losses. 4 We used a 100 gim core multimode
optic fiber coupled to a photodetector to detect the scattered light in the straight
section of the waveguide. The cornerbend structure minimises stray light pick-up
and thereby increases the accuracy of loss measurement. Also, a lock-in amplifier
was used to increase the sensitivity of the detection set-up. Fig. 2b shows a
typical plot used to obtain propagation losses. A relatively high loss of a=4 dB/cm
was observed.

To understand the loss mechanisms involved we studied the light prism-
coupled out of a planar polyimide waveguide on buffered Silicon substrates. The

p
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-nage at the output showed streaks around a central bright spot indicating the
* xistence of severe in-plane scattering. The polyimide material used was not

ptimised for its optical properties and only a 3 gm filtration process was used
or its production. This could be one of the main reasons for the in-plane
cattering and therefore the resulting losses observed in this material at 0.633
.m. Filtering down to 0.2 plm, fine tuning of the fabrication process, and operating
t longer wavelengths (1.3 gm) will result in much lower losses. 3

3. PASSIVE WAVEGUIDE STRUCTURES

-.1 POWER SPLITTERS/COMBINERS

The power splitter/combiner structure used in these studies is shown in
'ig. 3a. A typical photograph of a power splitter junction- is shown in Fig. 3b. By

'arying the radius of curvature we obtained different power splitting ratios as
hown in the following table:

Radius (mm) % Power splitting

1 10
3 25
7 50

note- % Power splitting with respect to the output end = 100x P2/(P1 + P2)

*rhese results could serve as guidelines to be used while routing optical power
tround a wafer. Knowing that the propagation loss for any waveguide structure is
lue to linear scattering and/or absorption losses (a dB/cm) and bending losses

03 dB/rad), we can write total losses L=al + 030, where a is the linear propagation
oss (a constant for the material), 1 is the length of the waveguide, P• is the
)ending loss (a function of radius) and 0 is the bending angle. Our current efforts
nclude studying the dependence of 13 on r.

ý.2 REPETITION-RATE MULTIPLIER

A delay element and a power combiner in series with a power splitter can
-esult in another useful structure, the repetition-rate multiplier, which can serve
o increase the frequency of an incoming picosecond pulse train. 5 Fig. 4a
llustrates the concept. When the repetition rate is very high (in the 10's of G-z
"-ange), the length of the delay element falls in the wafer scale regime and can be
Rabricated using the direct writing technique. Fig 4b shows a multiplier designed



and fabricated for a 30 GHz input rep-rate with a delay of 16.7 ps (i.e T/2). The
output from this structure is expected to have a rep-rate of 60 GHz. This
structure is currently under test.

4. MILLIMETER-WAVE OPTICAL INTERCONNECTS

The three basic units needed to realise high speed optical interconnects at
millimeter wave frequencies are a) optical sources modulated at millimeter-
wave frequencies, b) an interconnect medium capable of transmitting the high
frequency signals, c) a high speed photo- detector. It is difficult to modulate
lasers directly beyond 10 GHz and therefore the millimeter-wave signals used in
these experiments were generated using either optical mixing techniques 6 or
mode-locked laser diodes. 7 The polyimide waveguide with its wide optical
bandwidth served as the interconnect media. The high frequency signals were
detected using a HEMT photodetector mounted on a test fixture with a bandwidth
of 65 GHz.

4.1 10 GHz INTERCONNECT BY OPTICAL MIXING

Fig. 5a shows the experimental set-up used to achieve 10 GHz
interconnects. The beam from a tunable frequency dye laser (600-640 nm) that
was pumped by an Argon laser was co-propagated and thereby mixed with a
fixed frequency HeNe laser. Both the dye and the HeNe laser were frequency
stabilised. Tuning the dye laser provided the desired millimeter wave signals.
The channel waveguide end-faces were prepared for butt-coupling by simply
cleaving the substrate along with the waveguide. The collinear beams were
focussed and butt-coupled into the channel waveguide. At the output end, the 3
cm long straight section of waveguide was butt-coupled directly to the HEMT
device. Continuous tuning of the optical mixing signal from 1 GHz to 10 GHz was
performed. Fig 5b shows a S/N of 25-30 dB obtained at 10 GHz. This method can
be extended to demonstrate the interconnection capability of the channel at
higher frequencies. 8

4.2 50 GHz INTERCONNECT USING MODE-LOCKED LASERS

In an effort to move towards wafer scale integration of optical systems, the
large optical system used in the above experiment to generate the millimeter-
wave signals was replaced by a compact solid-state laser diode. The mode-locked
AlGaAs/InGaAs laser diode produced a train of 2 picosecond long optical pulses
at 850 nm with a frequency of 50 GHz. Fig. 6a shows the schematic of the
experimental set-up. A 1.5 cm long straight section of polyimide channel
waveguide was used as the high speed interconnect. The light source, waveguide,



and HEMT effectively formed a hybrid OEIC. The light from the laser diode was
butt-coupled into the waveguide using a 40X microscope objective. The light
conducted through the waveguide was coupled out using another 40X objective.
The collimated beam was focussed onto the HEMT using a 10X lens. The spectrum
analyser cannot respond directly to the high speed electrical signals from the
HEMT device, therefore a heterodyne arrangement was used to down-convert the
50 GHz signal to an IF of 10 GHz by mixing with a tunable local oscillator.

Fig. 6b shows the preliminary experimental results. The larger amplitude
signal corresponds to the output of the detector without the waveguide in the
circuit and the smaller amplitude signal corresponds to the attenuated output
due to the insertion of the waveguide. The losses are primarily due to intrinsic
waveguide losses, coupling losses, and the mismatch in dimensions between the
waveguide and the detector. Although this result has not yet beedi optimised, it
does show a 50 GHz channel waveguide optical interconnect at the wafer scale.

5. CONCLUSIONS

Passive waveguide structures made of polyimide were fabricated using a
large area patterning technique, namely direct laser writing. These waveguides
were used in a hybrid OEIC configuration to achieve high speed interconnections
upto 50 GHz. This result has many applications. The 50 GHz source along with
appropriate power splitters could provide high speed on-wafer optical clock
distribution. Further, if the 50 GHz source is coupled to a rep-rate multiplier with
a delay element designed for 10 ps (i.e T/2), it is possible to obtain a 100 GHz
optical source without any active elements. This work can be extended to
integrate complex and sophisticated millimeter wave optical systems at the wafer
scale. Fig. 7 shows one such potential application - the wafer scale integration of
phased array radars using diode lasers feeding HEMT's via branching structures
to form distributed millimeter wave sources9 - which could lead to the formation
of a radar on a chip.
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Polyimide Pre Writing:

* Spin Coat at 1 500 RPM

for 30 sec
* Bake at 500 C, 30 min

Focussed
Laser beam

Laser Writing:

* 300 mW
* 457.9 nm

Post Writing:

. Etch in Polyimide
thinner for 15 min

* Post bake 1250 C, 1 hr

Note: n = Refractive index at 633 nm.

Fig. 1. The 3 step process sequence used for fabricating
polyimide channel waveguides on buffered Silicon substrates
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INTRODUCTION

Microwave signal communications are implemented in either analog or digital formats,

which require interconnects with time and space multiplexibilities. This means that high speed

performances, high fan-out, and reasonably large distances are desirable. The communication

distance of a mm to a cm is provided by electrical interconnections, for a clock speed of 1

Gbit/sec [1]. Optical interconnects provide high speed interconnections from chip to chip,

module to module, board to board, and machine to machine, beyond the capability of electrical

interconnects. The minimum allowed pin spacing needed to avoid signal cross-coupling in

typical chips is a major concern at the board level. This problem is solved by using an optical

interconnect in which the minimum space between the interconnects is the size of a single-mode

waveguide. The density of these single-mode waveguides can be increased without affecting the

signal bandwidths. Furthermore, the optical channels can cross in space without any interaction

between the channels.

Polymer gelatin thin film waveguides with step index profiles have previously been



prepared [2]. Also, the ability to change the index from a step to a graded-index profile with

higher surface index has been demonstrated and discussed in detail elsewhere [2]. The lower

index portion of the graded-index polymer film functions as a waveguide cladding layer and

reduces the evanescent field overlap with the underlying substrate, thereby, providing tighter

mode confinement closer to the polymer film surface.

The graded index polymer waveguide is an extremely low loss material (< 1 dB/cm) as

compared to the step-index polymer waveguides (> 40 dB/cm) and have previously been

fabricated on a variety of substrate materials such as ceramics, insulators, conductors, and also

semiconductors with a transmission bandwidth of 2000 nm. These polymer waveguides have

large index modulations (- 0.2) and are insensitive to temperature changes exceeding 280 *C.

The above mentioned benefits of the graded-index polymer waveguide makes it an attractive

candidate and a key element for use in high-density optoelectronic and optically interconnected

systems. In this paper we would like to show the dispersion of a 1.2 ps optical pulse in a step-

index and graded-index polymer waveguide. A 1000 GHz bandwidth for a graded-index

polymer waveguide has been demonstrated for the very first time.

EXPERIMENTAL SETUP

The experimental setup used in our measurements is shown in Figure 1. This setup

consists of an actively mode-locked frequency doubled Nd: YAG laser, used to pump a dual jet

dye laser. The dye laser is equipped with a cavity dumper to change the repetition rate of the

pulses. The dye laser is operated with a repetition rate of 7.6 MHz at a wavelength of 600 nm

with average powers of 70 mW and a pulse FWHM of 1.2 ps which is measured by an

autocorrelator. The laser beam is coupled into a polymer channel waveguide using a prism
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coupler. The light travels a distance of 5 and 10 cm and is then coupled out using another

prism. The output beam is then collected by a lens and focussed into a camera lens of focal

length 5 cm. The camera lens aperture is used to collimate the beam up to a distance of 1 m.

Three mirrors are used to divert the beam into two pinhole apertures which align the beam into

an autocorrelator. This autocorrelator allows the real time monitoring of the picosecond pulse

before and after it is coupled out of the waveguide. The autocorrelator electrical output is input

into an oscilloscope. The computer controlled data acquisition system is used to collect data in

the time domain and Fourier transformed to obtain its bandwidth in the frequency domain. The

optical autocorrelation signal is recorded once by going through the waveguide and next by

sending the picosecond beam directly into the autocorrelator. Hence, a comparison between the

optical autocorrelation signals with and without the waveguide can be obtained. Measurements

were done with two sets of polymer waveguides (step and graded-index) and at two different

distances (5 and 10 cm). It is important to note that all the optical components such as lens,

camera lens, and the number of mirrors were maintained to be same throughout the different sets

of measurements. Also the direction of the beam entering the autocorrelator is kept constant to

get a consistent comparison between all the measurements performed. The time domain

autocorrelation curves for the two types of waveguides for equal distance is shown in Figure 2.

More dispersion in the time domain transforms to lower bandwidths in the frequency domain

which is shown in Figure 3.

It has been demonstrated that there is much less dispersion due to graded-index

waveguide. A reduction in the overlap between guided-mode evanescent field and the underlying

substrate, demonstrates a lower dispersion of the high frequency components in the graded-index

polymer. The importance of this paper is as follows:



(a) Much less dispersion due to graded-index polymer.

(b) Compression molded polymer-based optical Bus can be fabricated and this is not

limited by the lithographic tools.

(c) We have demonstrated a bandwidth up to 1000 GHz.

(d) Less dispersion is extremely important for optical control of microwave signals

using integrated optical circuits.

Further applications of these graded index polymers are:

Low loss and very low dispersion of the optical signal fed to an electrical component is

important to integrated graded index polymer waveguides with other optical components, such

as coherent sources and photodetectors, to produce polymer-based optoelectronic systems that

can simultaneously transmit, route, and receive optical signals such as phased array antennas.

As was discussed earlier, the graded index polymer waveguide has an ability to be

deposited on virtually any kind of substrate, hence backplane substrate that serves as the main

interconnection hub between multiple IC boards which increases parallelism and enhancement

in interconnect capabilities and would add several back planes to the same board.

CONCLUSIONS

The graded index polymer is a suitable candidate for producing polymer-based

optoelectronic systems which can transmit and receive optical signals e.g. phased array antennas.

The fabrication of compression molded polymer-based optical Bus is not limited by lithographic

tools. This polymer has demonstrated a bandwidth up to 1000 GHz. The low dispersion is

extremely important for optical control of microwave signals using integrated optical circuits.
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Abstract

Thin( <1000 A ) InSb single crystal film with <111> orietation

has been successfully grown by molecular beam epitaxy(MBE) on Si

wafer with sandwich-type buffer, BaF 2 /InSb/BaF2, for use in

semiconductor-on-insulator(SOI) high-speed devices. Both the inter-

diffusion between adjacent layers and the atomic composition in each

layer were examined by Auger electron spectroscopy. The InSb film

on the sandwich-type buffer was characterized by X-ray and Hall

mobility measurements. The X-ray diffraction patterns indicated the

crystallinity and the strain of different structures. The mobility-

temperature dependences were related not only to impurity and

lattice scattering but also to dislocation scattering.



I. Introduction

In the recent progress of microelectronics, enormous effort has

been devoted to the preparation of high-density and high-speed

integrated circuits using a multi-layer structure. In this structure, an

upper circuit layer can be prepared on an insulating layer which

covers the underlaying circuits. Therefore, information pertaining to

the hetero-epitaxial crystal growth of high-mobility SO film is very

important in microelectronics especially in 3-dimension(3-D) very

large scale integrated(VLSI) circuits and infrared(IR) detector arrays.

In order to provide high-speed capability for VLSI circuits, InSb was

chosen as the active layer due to its highest electron mobility

among existing semiconductor materials. Si wafer has been used as

the substrate because of well established Si VLSI technology. As the

dimension scales down to sub-half-micron, the interest on ultra-thin,

fully-depleted SOI devices has been growing at a rapid rate recently

because of their many unique features such as eliminating kink

effect 1 , reducing short channel effect 2 , etc3 .

In this paper we demonstrated a new approach to grow

thin(1000 A) lnSb film by MBE on Si wafer with sandwich-type

buffer, BaF2/InSb/BaF2. The interface properties were examined by

Auger electron spectroscopy. The InSb film was characterized by X-

ray and Hall mobility measurements. It turns out that thin InSb film

with high electron mobility can be obtained by using the sandwich-

type buffer

2



II. Growth and Characterization of InSb/BaF2 On Si

N-type(3-5 fl-cm) 2" Si wafers with <111> were used in the

experiment. Same results were obtained by using <100> Si wafers

because of BaF2 strong <111> preferential growth. The MBE growth

process which produced epitaxial InSb/BaF2 on Si was designed in a

home-made MBE system. First of all, Si flux cleaning4 at 750 "C for

30 minutes was applied to remove native Si0 2 . BaF2 was deposited on

Si at the growth rate of 0.3 A/s and the substrate temperature of

600 °C after Si flux cleaning. InSb was grown on the BaF2 when the

substrate temperature was cooled down to 350 *C. The flux ratio of

Sb/In was 2 and the growth rate was 1.75 A/s. Finally, BaF2 and

InSb were grown respectively at the same growth conditions as

above.

In MBE InSb growth, there are three outcomes of the co-

evaporation of In flux and Sb flux: (In+8)Sb, InSb and In(Sb+5). The

critical growth parameter is the flux ratio of Sb/In. Theoretically,

the flux ratio of Sb/In is equal to 1. Unfortunately, Sb will re-

evaporate out of the heated sample. The re-evaporation rate depends

on the temperature of the sample holder, vacuum pressure and the

source flux of Sb. Normally, the flux ratio of Sb/In is in the range of

1.5-2.0. It MBE InSb growth on Si with single-layer BaF2 buffer,

four domains will frequently be found: Si-strained BaF2, InSb-

strained BaF2, BaF2-strained InSb and relaxed InSb. In order to

obtain a good-quality InSb film with single-layer BaF2 buffer, the

InSb film is required to be thick( -pm ) enough to dissolve defects

3



itself. However, in order to fabricate the fully depleted devices, the

thickness of the active layer requires to be less than 1000 A. An

effective dislocation-blocking method should be introduced to obtain

a suitable thin InSb film on Si. One of the most efficient ways is to

use the interfacial misfit strain to eliminate or cancel it in the

interfaces of epitaxial thin films. The mechanism can be explained

thermodynamically by total system energy difference between a

strained and a non-strained layer 5 . In a large lattice-mismatch(>15%)

system, the energy difference for a non-strained layer and a strained

layer in the strain energy, AE, , is a result of the strain-energy

relaxation due to the creation of a misfit segment L, which is given

by

AE - -L (1)

where L is the length of misfit dislocation and E is the misfit elastic

strain. The negative sign indicates a reduction in the system energy.

The total difference in the energy AE that accompanies the

movement of a dislocation line L along the strained interface is the

sum of the change in the strain energy AE, , the dislocation self-

energy AED and the dislocation interaction energy AEI. In a large

lattice-mismatch system, the strain energy difference is dominated:

AE = AE6 + AED+AEI = AE, (2)

4



In the lattice-match system the misfit strain e is almost zero and so

is the Le product . Unlike the strain in a lattice match-system, C in

the interface of InSb and BaF2 is large(>15%) but L is small. The

optimum of Le product gives the largest reduction of dislocations,

which may occur in the case of equal-thickness alternative layers. If

each of the alternative layers has the same thickness, the probability

for a dislocation to obtain expansive and compressive strain will be

equal. Furthermore from rotational angle point of view, BaF2 (<111>

orientation) has type-B structure with respect to InSb (<111>

orientation) in the multiple layer growth, which means InSb lattice

orientation is 180" with respect to BaF2. When a dislocation

propagates from substrate through the equal-thickness alternative

layers to the top layer, the overall probability for a dislocation to be

twisted clockwise(CW) or counter-clockwise(CCW) is equal. Therefore,

from either strain or orientation point of view, dislocations will see

equal probability to propagate through the whole equal-thickness

alternative layers. The dislocations in the alternative layers have

50% to be cancelled each other because of equal chances to be

compressed/expanded and twisted CW/CCW. In other words, a

dislocation will repeatedly obtain the same amount of

expansive/compressive and CW/CCW shear strain as it propagates

toward the top surface. Physically speaking, as a dislocation enters

into a compressive lattice from a expansive lattice, the direction of

the force applied on dislocations will be immediately changed from

being pulled to being pushed at the interface. Likewise, for CW/CCW
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shear strain will give the maximum breaking force to a dislocation at

the interface. These maximum breaking forces at the interfaces will

give high probability to eliminate the dislocation as it passes through

the interfaces. A sandwich-type buffer structure, BaF 2/ InSb/ BaF 2,

was designed for fully depleted InSb devices on Si as shown in Fig.1.

The more interfaces the buffer has, the more will be the reduction of

dislocations. However there is a tradeoff between adhesion and

dislocation. Adhesion quality depends on the atomic bonding and the

thermal expansion coefficient between two materials. Growth

conditions have also to be changed for different numbers of layers.

Growth rate range of 0.75-1.75 A/S at substrate temperature of 300-

350 *C was of good crystallinity and adhesion for ultra-thin InSb film

MBE growth with sandwich-type buffer.

To examine the inter-diffusion at the boundaries of adjacent

layers and the atomic composition in each layer, Auger depth profile

was suggested to measure as shown in Fig.2. The top surface of the

multiple layers was passivated by an extra BaF2 layer at the end of

MBE growth to prevent contamination from the ambient atmosphere.

In InSb layers, the ratio of In/Sb was about 1, indicating good In/Sb

flux control. BaF2 occupied 10% in the InSb layer, which resulted in

the decrease of the mobility of InSb film. The BaF2 between InSb and

Si substrate provided a good electrical insulation(>5 v breakdown) for

SOI structure. The substrate temperature during BaF2 growth on Si

was 600 'C, preventing In and Sb from incorporating into BaF2 layer.

The percentage of BaF2 between InSb layers was low (about 35%)

because the substrate temperature during BaF2 growth must be
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low(350 "C ) to avoid the existing bottom InSb film from evaporating

out. In the passivation BaF2 growth, the heating power and shutters

of both In and Sb effusion cells were shut off, which enhanced BaF2

incorporation rate. The loss of F atoms near the passivation top

surface may be due to the reaction with the ambient species such as

oxygen, moisture, etc.

Several ways were employed to characterize InSb/BaF2 film on

Si. First of all, X-ray diffraction is the simplest way to determine

crystallinity. The X-ray diffraction pattern of poly crystal BaF2 on Si

was illustrated in Fig.3 where the strain between Si and BaF2 can be

seen on the right edge of the BaF2 peak. In Fig.4, the X-ray

diffraction pattern of 500 A InSb was shown with the growth

condition of flux ratio Sb/In=1.5 at 300 °C substrate temperature.

The thickness of single-layer BaF2 was the same as InSb. Four

domains of poly crystal InSb and BaF2 were found in Fig.4: Si-

strained BaF2, InSb-strained BaF2, BaF2-strained InSb and relaxed

InSb. To obtain a good quality InSb film with single-layer BaF2

buffer, a thicker BaF2 and InSb film were required to dissolve

defects itself. Fig.5 illustrates the X-ray diffraction pattern of a

single crystal InSb/BaF2 film on Si . The thickness of InSb was about

3 pim and that of BaF 2 buffer layer was 2000 A. However, the thick

InSb on a single-layer BaF2 cannot be used in the thin SOI devices.

Finally, a sandwich-type buffer structure, BaF 2/ InSb/ BaF 2, was

found to be a good buffer for fully depleted InSb devices on Si. A

500A InSb layer has been grown on Si with the sandwich-type

buffer(500A for each layer). The X-ray diffraction pattern was
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shown in Fig.6. The bottom BaF2 and InSb films might be still poly

crystal. The top InSb was single crystal, which was further justified

by Hall measurement and Fourier Transform Infrared(FTIR)

spectroscopy. The electrical properties and optical response of top

InSb film were close to bulk wafer quality, which may be ready for

devices fabrication.

In addition to crystallinity and adhesion, mobility is one of the

most important parameters for high-speed devices. In order to

compare mobility-temperature dependences, four samples were

prepared as follows:

#1 -1nSb(500A)/BaF 2 (500A)/InSb(500A)/BaF 2(500A) on Si.

#2-InSb(3 gm)/BaF 2(500A)/InSb(500A)/BaF 2 (500A) on Si.

#3-1nSb(3 gm)/BaF 2(2000A) on Si.

#4-Bulk InSb(600 gm)

Hall mobilities were measured between room temperature(300 "K)

and liquid nitrogen temperature(77 *K). The average results were

illustrated in Fig.7. To be quantitative, the reciprocal mobility was

given by 6

lig = alT1.5 + a1iTi- 5 + 0xdT-1  (3)

8



where the a's are temperature independent parameters and the

subscripts 1, i, d denote the contributions to the scattering from the

lattices, the impurities and the dislocations. By fitting our data to

Eq.3, the a's parameters from sample#1 to sample#4 were obtained

as follows:

a1  ai ad

* Sample#

1 1.16 x 10-8 1.15 x 10-2 2.67 x 10-3

2 6.52 x 10-9 6.44 x 10-3 3.11 x 10-3

3 6.99 x 10-9 6.90 x 10-3 3.70 x 10-3

4 2.33 x 10- 9  2.30 x 10- 3

Table I. Scattering coefficients a's for four samples.

Except for the bulk(sample#4), the dislocation scattering in the

sample#1 was the smallest but the impurity and lattice scattering

were the largest. The small dislocation scattering justified our idea

that sandwich-type buffer reduced a lot of dislocations. The large

9



impurity and lattice scattering of the thin InSb film might be

S resulted from the limited thickness effect. Furthermore, inter-

diffusion from BaF2 into InSbQ-1O%) as shown in Fig.2 may cause

extra impurity scattering too. In sample #1I, the mobility dependence

of temperature, increasing as temperature decreasing, was close to

the behavior of bulk material. In samples #2 and #3, the mobilities

decreased as temperature decreased due to the scattering from

dislocations, thermal strains and phase changes in the grown film.

CONCLUSIONS

In conclusion, MBE grown single crystalline thin InSb/BaF2 film on Si

was demonstrated. lnSb was chosen as the active layer due to its

highest electron mobility among current semiconductor materials. Si

wafer has been used as the substrate because of its being extensively

used in the existing VLSI industry. In our new structure, high-speed

fully depleted InSb devices may be stacked on top of the VLSI Si

circuits to increase packing density. Sandwich-type structure,

BaF2/InSb/BaF 2, was found to be a good buffer between InSb and Si.

The inter-diffusion between layers and the atomic composition in

each layer were examined by using Auger electron spectroscopy. The

top InSb film was characterized by X-ray and Hall mobility

measurements. The mobiIi ty -temperature dependences were related

not only to impurity and lattice scattering but also to dislocation

scattering.
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FIGURE CAPTIONS

Fig.1. The elimination of dislocations by multi-layer hetero-interfaces.

Fig.2 Auger depth profile of BaF2 /InSb/ BaF2 /InSb/ BaF2 on Si. The

sputter rate was about 200 A/min.

Fig.3. X-ray diffraction pattern for MBE grown BaF2 on Si.

Fig.4. X-ray diffraction pattern for MBE grown InSb/BaF2 on Si. Four

domains can be seen as

(i) Si strained BaF2: BaF2(Si)

(ii) InSb strained BaF2: BaF2(InSb)

(iii) BaF 2 strained InSb: InSb(BaF2)

(iv) relaxed InSb.

Fig.5. X-ray diffraction pattern for single crystalline InSb/BaF2 on Si.

Fig.6. X-ray diffraction pattern for thin InSb/BaF2/InSb/BaF2 on Si.

Fig.7. Mobility vs. operation temperature for different samples.
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Nonlinear Microwave Optics in Liquid Suspensions
of Shaped Microparticles

D. Rogovin, R. McGraw, W. Ho, R. Shih, H. R. Fetterman, and Bradley Bobbs

Abstract-The unique properties of shaped microparticle sus- magnetic spectrum. Thus, K scales as X -. These consid-
pensions make them suitable as candidate media for such active erations are summarized in Table I which reveals that ac-
optical process as phase conjugate via degenerate four-wave tive media with nonlinear susceptibilities on the order of
mixing at microwave and millimeter wavelengths. We have 10-3 to 10-4 esu are required if one is to achieve optical
generated up 250 mW of phase conjugate radiation, a medium
composed of rod shaped carbon fibers suspended in a passive phase conjugation at 18 GHz.
fluid dielectric that is maintained in a waveguide. The theory Artificial dielectrics, such as liquid suspensions of mi-
for the nonlinear optical properties of shaped particle suspen- croparticles, are known to have exceptionally large non-
sions is presented and shown to be in excellent agreement with linear optical susceptibilities and might be suitable can-
the available experimental data. didates as active media for microwave applications.

Ashkin and Smith achieved self-focusing [10], optical
I. INTRODUCTION bistability [ 11] and optical phase conjugation [ 12] with an

U NTIL recently, attempts to achieve active phase con- aqueous suspension of 1000 A polystyrene microspheres

trol using nonlinear optical schemes have been lim- as the nonlinear medium and cw Argon-ion laser beams

ited to the visible and the infrared regions of the spec- as the optical source. Third-order optical susceptibilities
were found to be as large as 10-8 esu, five orders of mag-trum, employing laser beams as the driving fields [11.niuegatrhaCS.icehehrdreruspibl

Typical optical processes that are utilized include nonlin- nitude greater than CS2. Since the third-order susceptibil-

ear phase shifting [2], optical phase conjugation 13], two ity scales as the sixth power of the microparticle radius,

beam coupling [41 and optical birefringence [5]. Efforts it seems reasonable to consider scaling the particle size
to extend these processes down to millimeter or micro- up to microns to realize nonlinear susceptibilities on thewave fextend cihese processes dntil r limeter o6r9 ficr- d order of 10-2 esu, for microwave applications.wave frequencies have, until recently [61-[91, failed due Unfortunately, this scheme is not viable since the
to a lack of suitable nonlinear optical materials. mechanism responsible for the nonlinear optical proper-

This lack of success in achieving nonlinear optical ef- ties for this class of media is too slow for the observation
fects at microwave and millimeter wavelengths can be ap- of any nonlinear effects at these wavelengths. More pre-
preciated by considering the challenges one must over-
come to achieve optical phase conjugation at these cisely, forces due to an electrostrictive interaction be-
comparatively long wavelengths. In particular, contrast tween the microparticle polarizability and the incident
the four-wave mixing coefficient K =167r 2 X"'I,/cX at probe and pump beams give rise to microparticle density

visible and microwave frequencies. Here J. is the pump gratings which coherently scatter pump radiation to form
a wave ad a phase conjugate wave. The formation of these indexp o w er, X is th e free sp a ce wa velen g th a n d x " Iis th e th ird - g r t n s e s n i a f o op c l p h e c nj a i n , eq r s

order nonlinear susceptibility. At visible and infrared gratings, essential for optical phase conjugation, requires
wavelengths, pump sources cain readily achieve power that the microparticles translate a grating spacing, typi-
levels of tens to hundreds of MW/cm2. At cm wave- cally several optical wavelengths. At visible wavelengths,

lengths, standard laboratory Fower supplies are usually grating formation requires that the particles diffuse sev-
limited to under one kW/cm as the beam cannot be fo- eral microns through a viscous medium. If the host fluidcused down to spot sizes smaller than an optical wave- is water, this requires several hundred milliseconds. Since

length due to diffraction effects. This five orders of mag- the particle motion is essentially Brownian in nature, the
nitude reduction in pump power is further compounded response time scales inversely with the square of the grat-byan aedditiona fopur p por eris o fumagnituder dcre ded i ing spacing and directly with fluid viscosity. Scaling toby an additional four orders of magnitude decrease in .K, millimeter or centimeter wavelengths increases the me-
caused by the increase in X• that one encounters in going mliee rcniee aeegh nrae h efrom the visible to the microwave region of the electro- dium response time by six to eight orders of magnitude.This implies grating formation times that are on the order

of days, not seconds which are not feasible as thermal
Manuscript received July 22, 1991; revised February 25. 1992. currents will suppress the formation of these optical index
D. Rogovin, R. McGraw and W. Ho are with Rockwell Science Center. gratings. Another complication arises from the fact that

Thousand Oaks. CA 91360.
R. Shih and H. R. Fetterman are with the Department of Electrical En- water is a strong absorber of microwave and millimeter

gineering. University of California. Los Angeles, Los Angeles, CA 90024. wave radiation, so thai a nonabsorbing host must be
B. Bobbs is with Rockwell International, Rocketdyne Division. Canoga

Park, CA 91303. found. This requires a nonpolar fluid and care must be
IEEE Log Number 9201717. exercised to avoid coagulation of the microparticles.
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TABLE I 3 Am x 3 j~m x 8 tim, act as perfect conductors at 18
DIFFICULTIES AT LONG WAVELENGTHS GHz. The host fluid is highly transparent to microwave

Physical Visible Microwave/Millimeter radiation and at 18 GHz the suspension's absorption con-
Parameter Wavelengths Wavelengths stant is 140 cm'-. The small size of the particles relative

to the radiation wavelength ensures that scattering loss'sWavelength 0.5 •. I cm-0. I cm

Pump Intensity 101, W/cm2  10, W/cm2 are negligible. The suspension is maintained in a metal

Typical values of )t 10- " esu 10-, 'esu waveguide, with dimensions of 1.46 cm x 1.46 cm x 72
Optical Pathlength 2 mm 30 cm cm. The waveguide acts to enhance the microwave inten-
KL 1.2 10-9 sity and also reduces thermal eddy currents thus allowing
Efficiency gain negligible the formation of microparticle orientational index grat-

ings.
This paper is divided into four parts of which this, the

Another class of artifical dielectrics that can be poten- Introduction, is the first. Section II outlines the theoretical
tial active media at microwave and millimeter wave- model used to describe the interaction of shaped micro-
lengths are shaped microparticle suspensions [13]. This particles with coherent radiation. In Section III, we pre-
class of nonlinear materials have third-order optical sus- sent our findings regarding microwave phase conjugation
ceptibilities that also scale as the square of the micropar- in liquid suspensions of shaped microparticles. Finally,
ticle volume. Therefore they should have a sufficiently in Section IV we summarize our studies and present our
large nonlinear susceptibility to overcome the scaling conclusions regarding nonlinear optics at these long
characteristics of K with radiation wavelength. In addition wavelengths.
to the usual translational gratings (that are useless for our
purposes), shaped particle suspensions also form orien- II. PHYSICS OF SHAPED MICROPARTICLE SUSPENSIONS

tational index gratings. These index gratings consist of We assume a monodisperse suspension of shaped mi-
periodic spatial arrangements in which the particles within croparticles whose polarizability tensor a(6, 0) is
a given region tend to be randomly oriented and regions
in which some fraction of them are oriented in a direction a(O, •) = 5sl + t3K(0, 45). (2.1)

specified by the polarization vector of the incident radia- Here (0, 0) specifies the orientation of the microparticle
tion. A major advantage of this class of index grating is polarizability relative to a lab fixed reference frame, as is
that their formation requires only that the microparticles the isotropic component of the polarizability, 3 is the an-
rotate into desired orientations; they do not have to trans- isotropic component, I is the unit tensor and K(O, 0) is

the orientation tensor whose components are

3sin2 0cos22 - 1 3sin2 0sin cos0 3sin0cos0sin

K(O, •) = 3 sin 2 0 sin 0 cos 0 3 sin2 0 sin 2 k - 1 3 sin0cos0cos (2.2)

3sin cos0sin4 3sin0cos0cos 3cos2 0 - 1.

If the microparticles are illuminated by an electromag-
late. Thus, the response time is independent of grating netic field [denoted by E(r, t)], they each acquires an in-
spacing and therefore of wavelength. The grating form- duced dipole moment p(O, 0; r, t) = [asl + (1/3)3K(0,
ation time is on the order of the angle through which the 0)] • E(r, t). This induced dipole moment couples back
particles rotate (A 0), divided by the angular velocity, (fl). to the electromagnetic field giving rise to an interaction
Thus, the time scale involves the particle size p instead potential U(O, 0; r, t), equal to
of the grating spacing A and the ratio of the orientational U(O, 12p(6, 0; r, t) • E(r, t). (2.3)
to the translational response times (1o/rT) is (p/A) 2 . For
10 1A size particles, the orientational response time is sec- The overbars imply a time average that is long compared
onds for typical nonpolar fluids. Although this is too long to the optical period, but short compared to the medium
for some applications, it is sufficiently short that labora- response time. The interaction potential gives rise to an
tory experiments can be conducted on a convenient time- electrostrictive force F(r, t) = -VU(0, 0; r, t) that tends
scale and the effects can be readily observed, to move the particles towards regions where U(O, 0: r, t)

We have successfully carried out microwave phase is a minimum. This force favors particular particle ori-
conjugation 18] in shaped microparticle suspensions con- entations and weakly couples the center-of-mass and o0-
sisting of 0.01 %-0. 1% volume fractions of carbon fibers entational coordinates. U(0, 0, r, r) also generates a torque
suspended in a 60% mineral oil-40% heptane host fluid Io, -0; r, t) = -LU(O, 0, r, t) where L is the particle
mixture. Power levels of up to 250 mW, with only 14.65 angular momentum operator. This field-induced torque
W of pump power were generated at 18 GHz. The mea- tends to rotate the particles in a direction specified by the
sured host fluid viscosity is 5 cp and the microparticle vector polarization of the radiation field. When the sus-
response time is on the order of ten seconds. The carbon pension is irradiated by a plane polarized beam. the par-
fibers, which are ellipsoidal in shape with dimensions of ticles tend to point in a given direction and the propaga-
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tion features of incident radiation will depend upon beam The first term on the rhs of (2.8) is negligible. The next
polarization, giving rise to optical birefringence [6], [7]. term depends critically on the anisotropic properties of the
If the suspension is irradiated by more than one field, then suspension; it vanishes if n(O, (A; t) = n0 . In the limit that
coherent interference between the electromagnetic waves U/kT << 1, this term can be written as
will give rise to a modulation of the preferred particle ori-
entation. This modulation of the dielectric constant is an
optical index grating that can be utilized for phase con- (2.9)
jugation. If we define Q,,,kl = (K0,(O, 4)Kkl(O, 0)), then it is ob-

If the interaction potential is time dependent, as occurs vious that only those components of .5P(r, t) are nonzero
with a single beam or degenerate beams, then in steady- for which all of the indices are the same or ones in which
S state the particle onentational distribution n(O, •p; r) = n pairs are equal. Thus, if all of the beams are linearly po-
exp [-U(O, -0; r)/kT]/Z with n0 the particle density in
the absence of external fields and Z the partition function. larized in the same direction (taken to define the

We first consider the case of a single microwave or mil- z-direction), then only the z-component of 6P(r, t) is non-
zero.

limeter wave pump beam irradiating a shaped micropar- The microparicle suspensions dynamics are described

ticle suspension that is kept in a waveguide. The incident The panckersuspeqaion [13] fr tesprice

pump beam is written as E(r, t) = eA(r) cos [K • r - wt] by the Planck-Nernst (PN) equation [131 for the particle
where e is the unit polarization vector, A(r) is the field density, n(O, 0; r, t). This equation specifies how n(O, c0;
amplitude, e the unitprolaration aevector, ad is the field r, t) changes in time under the action of field-induced
amplitudey K the propragtion waveena aforces, torques and diffusion due to Brownian motion. At

microwave and millimeter wavelengths, only the orien-

U(O, 4); r, t) = - !A(r)2[as + 50e • K(O, 4) - e*]. tational coordinates vary on the time scales of interest and

(2.4) we can ignore changes in the microparticle density at a
given point r.

If the pump beam intensity is unaffected by the medium, The PN equation is basically a conservation equation
the microparticle orientational distribution for a suspen- in the sense that the change in density of particles pointing
sion irradiated plane electromagnetic wave is in a given directi'-n (9, 4)) obeys 8n(O, c4)/at = -L • J(O,

) 0), with J(O, 4) the particle flux. There are two contri-
n(B, 43; r) = no exp [ gle K(, 4)) e] butions to J: a diffusive current JD(O, 4)) = -OoLn(O, 0)

and a drift current JF(O, 4) = oo[n(O, )/kT]n(O, 4)).
d- dO sin 0 exp [ gle - K(O, 4)) • e*] The PN equation is then

(2.5) an(O, 4))/at + OoL 2n(8, 4)

where g, = OAA2 /4 kT is a dimensionless field strength. = -0 0 /kTL n or(o, O)n(0, 0)]. (2.10)
The isotropic part of the microparticle polarizability is
coupled to the particle's translational degrees of freedom In steady-state, On(O, 4))/Ot 0 and the solution of (2.10)
and does not enter into the problem. For the shaped mi- is the Maxwell-Boltzman distribution. In the weak field
croparticle distribution used in our microwave experi- regime, where U/kT << 1, only a small fra "tion of the
ments, 0 = 10- l esu, and for a pump intensity of 20 microparticles 6n << no are influenced by the applied
W/cm 2, g1 = 5. In the weak field limit, where g, << 1, fields and the PN equation can be solved perturbatively.
only a small fraction, Sn(O, 4)) of the microparticles are Setting n(O, 4)) = no + Sn(O, 4) where 6n(6, 0) is of order
oriented by the pump beam U/kT, we have

6n(0, 4)) = noge - K(O, 4)) • e*. (2.6) abn(t; 0, ))/&t + OoL 2 
61(t; 0, 0)

In the strong field regime, where g >> I, most of the = (Oo/kT)noL 2[U(t; 0, 46)]. (2.11)
microparticles are aligned by the pump beam. If the pump
wave is linearly polarized, then the microparticle orien- The angular dependence of U(O, 4)) is given by the matrix
tational distribution is elements of K(O, (A). Since these elements can all be ex-

pressed as a linear combination of the Y'(O, 4)) it follows
"n(0, 4))--- (g/') 2n0 exp [g1 cos2 0]/eft[ g / 2 ]. that L 2 [U(O, 4)] = 6U(0, 4)). The orientational diffusion

(2.7) time is defined by, rR = 1 /600, and noting that bn(t: 0,4)) = OattI = 0,
The macroscopic dipole moment P(r, t) a < p(O, 4); r, r ___atr_ ___1

t)n(0, 4); r, t)) where the brackets imply an angular av- bn(t, 0, 4)) = no dt' exp - - I1 UW, 0. 4)
erage over (0, 4). If U is independent of position, the o R k-T
particle density will be spatially uniform and (2.12)

P(r, t) = crsnoE(r, t) + (n(, 4); t)K(O, 4))>• E(r, t). In the strong field regime, where U/kT > I, most of

(2.8) the microparticles are oriented by the applied fields. In
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that case (2.15d) must be solved exactly. This can be done The terms that are proportional to g give rise to the ori-
by expanding the density in the spherical harmonics entational grating and tend to point in a direction specified

I= 0. by the write beams.

n(t; 0, ZI) = W c,(t) Y21(0, 0) (2.13) In standard optical phase conjugation all of the beams
1=0 are focussed into the medium at the same time, and en-

where we have used the fact that symmetry requires that ergy can be exchanged between the probe and conjugate

only the even-order terms contribute to the sum. The re- waves. Furthermore there are two gratings that are formed

sultant equations are of the form dn(t)/dt = An(t) where by the pump and probe beams. These gratings have spatial

A is a non-Hermitean matrix and can be solved numeri- periodicities of K ± Q. Each grating will diffract the

cally. counterpropagating pump and form a conjugate beam.
For the case of collinear pump and probe beams, as was

III. MICROWAVE PHASE CONJUGATION used in the waveguide experiments, there are significant
The theory for microwave phase conjugation using a difficulties associated with beam discrimination. To this

shaped particle suspension is discussed in III-A. In 11-B end, we modulated one of the pump beams so as to ensure

and 111-C the detailed properties of the suspension and our identification of conjugate beam photons. When this beam

experimental procedure are reviewed. In 1I1-D the exper- coherently diffracted off of the grating formed by the un-

imental observations are presented and correlated them modulated pump and probe waves, the conjugate beam so

with theory. formed maintained the original amplitude modulation. On
the other hand, the grating formed by the modulated pump

A. Theoretical Formulation and probe wave will also be static because the medium
phase cexperiments, the cannot respond to a signal that changes at 300 Hz. How-

In our phate conjugation experatentsrowavsuspension ever, since the beam is amplitude and not phase modu-
was irradiated by two, degenerate microwave beams that lated, the time averaged response of the medium will not
wrote a volume index grating. The vector sum of these be zero, but rather one-half that for an unmodulated beam.
two write beams, each oscillating at the frequency wa, is The counterpropagating pump beam will scatter off of this
denoted by ED(r, t) = El(r, t) + E2(r, t), where static grating to form an unmodulated phase conjugate

Ej(r, t) = IEoj[Aj(z, t)e, + Bj(z, t)eJ wave. This beam is unmodulated and cannot be distin-guished from back reflections of the probe beam. Al-•exp [i(K• r - t)] + cc (3.1) though we can model the experiment outlined in Section

with Eo, and Kj the initial amplitude and wave vector of III-C by including only the orientational grating set up by
thejth beam. The functions Aj(z, t), Bj(z, t) specify the the unmodulated pump and probe beams, it is of interest
two polarization components of the jth beam as it prop- to examine the effects of both gratings.
agates through the shaped microparticle suspension, and The nonlinear polarization vector is

e, (e,) is a unit vector in the x (y) direction. The inter- -2

action potential, UD(r, 9) between the particles and the P(r, t) = no 1 8 [E k K - E]K • E(r, t)>
write beams is

UD(r) = g[A 1 A*K,, + B1 B2K•, + (AIB* + B1A*)Ky] -Ac • E (3.5)

Sexp [iQ • r] + cc (3.2) where we have used the fact that an average of (K(0. 0)>= 0 for an isotropic distribution. For phase conjugation.
with Q KI - K2, g 3EO I E02 /4 kTand Kk =-e, K rt= Z Ej(,t)eexfiw t-k-r)I+c
w ek. For static index gratings, the portion of the micro- E(r, t) = 1 Eo.(r, t)e2 exp li(wot - k r)I + cc
particle distribution function of interest is bn(t; 0, ) (3.6)
-noUD(r, 0, 0)/kT. The tAv component of the optical
index tensor grating, &,J(r, 0, 0) arising from these mi- where j = 1(2) is the modulated (unmodulated) pump
croparticle gratings, is given by beam, j = p the probe wave, and j = c the phase conju-

bf,,(r) = -!nog(JA 1 A*K, + BIB*K,, gate beam. Here Eo,(r, t) is the complex field amplitude.
3 2 x 2 e the normalized polarization vector and w'(k,) the fre-

+ (A1B* + BIA*)K,,IJa,,,) quency (wave vector) of thejth beam. Only the amplitude
modulated pump beam and the phase conjuage wave are

exp JiQ • r] + cc (3.3) time-dependent. In the fully degenerate case: W = w•. k
= -k, = K and kP = -k,. = Q. Since the probe and

The microparticle distribution is, to first-order in the write conjugate waves vary as exp Ii(wt ± Q - r)]J it follows
that only those terms with the same phasors will contrib-

n(r) = no - _no g[A'A2 K• + BB*K,, ute to the form the conjugate wave. The component the
+ (AIB* + BA*)K exp IiQ -r] + cc third-order polarization of interest. P•I (r. o) = P•J\ -,

2 2x Pa. with Pd' (P4-) is the nonlinear polarizability asso-

(3.4) ciated with the conjugate wave (amplification of the probe
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beam): (1/4) (KL) 21p, provided the pump beams are parallel po-

Pa. + *larized as was done in the experiment.
PNL (r, t) = nofgEp½ ((e, • K • el)K • e2) For the case in which the probe beam is polarized or-

thogonal to the two pump waves KL = (8 r/15)noI3gL/X.
+ ((e• K'e2) K'-el )f(t)] For typical suspensions, no 108 cm- 3 , 3 10-I cm 3.

* exp [i(owt + Q. r)] + cc. (3.7) L/X - 100 and g = 1. Thus, KL is on the order of 0.2:;
implying efficiencies on the order of a few percent at cm

A similar expression holds for PiL. The factor of 1, z wavelengths.
arises from the averaging of the grating created by the
amplitude modulated pump beam and the probe wave. The B. Nonlinear Medium
quantity f(t) is the amplitude modulation function.

Next, we construct the wave equations for the propa- Various types of shaped microparticle suspensions were
gation of the phase conjugate beam and the probe wave investigated, including aluminum platelets (used in me-
for steady-state situations. Inserting the nonlinear polar- tallic paints), chromium dioxide microrods (used in mag-
ization into the wave equation, separating the modulated netic recording media), ground up alumina fibers, silicon
and unmodulated terms probe and conjugate waves carbide fibers, boron fibers, zinc sulfide, guanine platelets

2 V+Q/2Ls)Em C(used in rheoscopic fluids (Kalliroscope Corp., Groton.
(2Q V +ec MA)), liquid crystals, ferrofluids, iron fillings, and even

=in0 /Q'( g /9) < (ep - K -e 2) eI K) E (3.8a) magnetic bacteria! Severe probl-ms exist with those ma-
terials such as microwave and millimeter wave attenua-

(2Q V + Q/2Ls)E- dec tion, particle agglomeration, unstable particle suspen-
sion, irregular eddy currents created by nonuniform

+ in0 (3Q2(g/9) ((ep •K e)e, •K E thermal effect, and insufficient orientational susceptibility
difference. The medium finally found to exhibit a signif-

(3.8b) icant and controllable Kerr effect was a suspension of short
(2Q V - Q/2Ls)E;m°dep graphite fibers 7 to 8 microns in diameter. These fibers

are available commercially ("Fortifil 5" from Great Lakes
= -in 0 I3Q 2(g/9)((e• K •e 2)e• K>E Carbon) in 3 mm lengths, and ground up to yield lengths

(3.8c) primarily in the range from 30 to 40 microns. Their low
density helps to keep them in suspensions. The conduc-

(2iQ V - Q/2Ls)Ep'ep tivity of graphite is sufficiently high on the order of 105

= in0  * mho/m. The high conductivity of graphite is crucial in
=g/9) ((e• K •e)e 2 •K) , • dispersing the particles in suspension. Dielectric particles

(3.8d) tend to clump together due to the surface charges accu-
mulated by the particles. Since one requirement of the

The angular brackets imply an orientational average over suspending fluid is to be nonpolar due to the fact that polar
an isotropic distribution. Note that the total conjugate and solutions absorb microwave and millimeter wave radia-
probe beams enter into the nonlinear polarization for the tion, the surface charges cannot dissipate. Therefore, the
modulated components. This feature arises because for advantage of highly conductive microparticles is that they
amplitude modulated functions, f(t) = f(t)2 . Also only do not have local charge imbalance that would cause them
the unmodulated components enter into the nonlinear po- to clump.
larizations for c mod and Pn, . In the small signal regime The suspending fluid used in the present study consists
energy transfer between the probe and conjugate beams is of a binary mixture of 60% mineral oil and 40% heptane.
negligible and we can replace cp* in (3.8a) and (3.8b) by A maximum suspension stability of around 30 minutes was
the initial probe beam and integrate these equations di- obtained which is adequate to perform the experiment.
rectly. This gives The resulting suspension with graphite particles with 0. 1

mod in0 QLg)3/9<(ep - K -e 2)e- K - ec>E() volume percent is highly transparent, having loss lengths
0 Q(I /e attenuation) of 140 cm at 18 GHz and 54 cm at 94

iKLE; (0) (3.9a) GHz. It is not known what fraction of the loss is due to
scattering, although a small fraction is expected since the

E"= ino QLg /18 ((ep • K • e2)e, • K , ec)>E(0) particles are much smaller than the wavelength.

aLEp (0). (3.9b) C. Experimental Formulation

The depth of the grating formed by the modulated pump The experiments were conducted in a single-mode hol-
and probe beams is one-half that of the grating formed by low metal waveguide to minimize thermal convection cur-
the modulated pump and probe beams. In the small signal rents which might disrupt reorientation of the particles, to
regime, the intensity of the modulated conjugate wave is maximize signal intensity, and to allow interaction lengths
(KL) 21p while that of the unmodulated beam is limited only by absorption. These advantages are offset
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by the difficulties encountered in discriminating between LOCK-INk

the various collinear waves emanating from the medium.
The anisotropic characteristics of elongated microparticle square,,ave,,. ,
suspensions give rise to a polarization dependence in X(3)  H sal -

OM2 S 24+-. .*...3 5S MTwhich allows the use of the geometry utilized for isolating °M2 '
the conjugate wave depicted in Fig. 1. The polarizations Ph&

of the probe and conjugate waves are linear and parallel 2:•,,ump 8/

to each other, but orthogonal to both the pump waves. 3:P,,bLT'2

Pump wave #1 is amplitude modulated at 300 Hz, whilel-, , l"D-

pump wave #2 and the probe are unmodulated. Two an- .tentst , A2

isotropic volume gratings are created by the probe wave
interacting with each of the pumps. Although one of the AmfAT2 twis Pin
pump waves is amplitude modulated, neither grating is AT:Variable attnuator 11 4. mad

modulated because the medium response time (- 10 s) is D:Dtetor

much slower than the modulation period. Consequently, ': "*:dl., 20dB
only the grating which scatters pumps wave #1 will gen- OUT:o Orhogonamodet•ransducer

P : Phase shinterTW A

erate phase conjugate radiation which is amplitude mod- -wi,•sguld. ampliierl:

ulated at 300 Hz. This radiation is easily distinguished .
from the unmodulated probe reflection off the iaterfaces
at the ends of the sample chamber. Scattering of pump #2 .F Ocillator

will produce an unmodulated phase conjugate wave
which, however, cannot be readily distinguished from the Fig. 1. Experimental configuration for demonstrating phase conjugation inwhic, hwevr, anno bereailydisingushe frm te ; waveguide at 94 GHz.

reflected probe. The polarization of each pump wave is
rotated by 900 as it scatters to form a conjugate wave. As 3

shown schematically in Fig. 1, an rf oscillator at a fre-'P*p"r0.2mw
quency tunable around 18 GHz drives a traveling wave Pumppower #2 7.5 mW

tube (TWT) amplifier which produces a maximum contin-
uous power of 20 W. A 3-dB directional coupler splits the . 2"

power equally to form the counterpropagating pump wave
#2 and the probe wave. The probe wave goes through a 0 I
variable attenuator and feeds into the H-plane port of the I 0 0 0o 0

orthogonal-mode transducer (OMT) #1. An OMT is a o0 0
waveguide analog of an optical polarizing beamsplitter 0 0

which enables us to separate and combine beam polar- 0 6 8 10 12

izations. The probe wave passes through the 72-cm sam- pumppower(W)
pie chamber inside a square waveguide of 1.36-c,2 cross Fig. 2. Depicts the phase-conjugate power as a function of the probe pow er

sectional area and terminates at the H-plane port of OMT for the case in which the power of the modulated pump #1 is 12 mW and

#2. The liquid sample is contained by two TFE windows. the cw pump #2 is 7.5 W.

Pump wave #1 is created by taking a fraction of the rf
power via a 6-dB coaxial coupler. It is then square-wave mately 0.01 %. If we employ the values of 3 and n, ob-
modulated by a p-i-n diode at 300 Hz and amplified by a tained from the optical-birefringence measurements, we
lower power amplifier with a maximum output of 100 obtain a theoretical average value of 0.02%. The discrep-
mW. This modulated pump wave is fed into the E plane ancy can be attributed partially to slight differences be-
port of OMT #1. The modulated conjugate beam exits the tween the two suspensions and is discussed below. The
H plane port of OMT #1 and is detected by a lock-in am- low reflectivity can be attributed partially to the uncon-
plifier via the 10 dB directional coupler. The leakage from ventional power ratios used in the present experiment in
the E-plane to the H-plane port of OMT #2 is about -40 which the modulated pump has much less power than the
dB, so the power reaching the detector from pump wave probe wave.
#2 is below the detection limit. The efficiency of the phase conjugate wave can be in-

creased significantly if the power of the first pump is as
great as that of the second pump, and the probe power

D. Experimental Results and Comparison with Theory reduced accordingly. It is implemented by replacing the
Fig. 2 depicts the phase-conjugate power as a function low power amplifier A2 by a 10 W cw TWT amplifier in

of the probe power for the case in which the power of the Fig. i. The probe power can be decreased by the setting
modulated pump #1 is 12 mW and the cw pump #2 is 7.5 of the attenuator #1. Fig. 3 depicts the phase-conjugate
W. The phase-conjugate power varies linearly with probe power as a function of the probe power for the case in
power as expected and is I mW at a probe power of 10 which the power of the modulated pump #1 is 8 W and
W, corresponding to a nonlinear reflectivity of approxi- cw pump #2 is 7.5 W. The phase conjugate power Varies
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0.3 1 • . I ' . I . .

P2 8".1w Pup power 02. 1 W

0 0Pro powor 1.141 W

0 Pro* pow$ x OA W0. no 4 Ipowo . 1AIW A

S A

0 .1 1 0 0

Aa 0
4bo0 0 0 0

a 2 4 a

P ob (W)i M Pw - I
Fig. 3. Depicts the phase-conjugate power as a function of the probe power Fig. 4. Depicts the phase-conjugate power as a function of the power of
for the case in which the power of the modulated pump #i is 8 W and cw the unmodulated pump beam for the cases in which the probe power is
pump #2 is 7.5 W. 0.141 W, 0.8 W and 1.41 W.

linearly with the probe power as expected and corre-
"sponding to a nonlinear high efficiency of approximately
15%.

Measurements were also performed by keeping the I
probe power constant and varying the power of pump #1. 1
Pump #2 was kept constant at 8 W. The measurements
were done with three constant probe powers of 0.141 W,
0.8 W, and 1.41 W. In all case, the conjugate power var-
ies linearly with pump power #1 which indicate that the

measurements are still within the small signal regime.
These measurements are presented in Fig. 4. 4 a s ,0 is 20 25 V X Q

The transient evolution of the conjugate power is de- T im,( dal

picted in Fig. 5. It is obtained by first having the steady Fig. 5. The transient evolution of the conjugate power.

probe and modulated pump #1 initially on and then
switching on pump #2, at t = 0. As soon as the second 1.2
pump wave is switched on, a grating begins to form that
diffracts pump #1 to produce a modulated conjugate wave 10 0 r) 0 a 0 0 0 a 0 0 0 0

which is observed on the lock in amplifier. Thus the tran-
sient behavior of the modulated conjugate wave reflects I
the formation and approach to steady state of the orien- J a,6
tational grating formed by the nonlinear interaction of the
probe and pump #2 waves. Pump wave #2 is subsequently OA

turned off at time t = 22 seconds to allow the index grat- 0.
ing to deteriorate due to thermal diffusion, leading to the
observed decay of the modulated phase conjugate signal. 30 so so In ISO ISO
The medium has grating formation and decay times of ap- Phi (dogml)

proximately 10 seconds, which is a factor of three faster Fig. 6. Shows the equilibrium conjugated signal power (circles) as a func-
than the earlier Mach-Zehnder interferometer experiment tion of the settings of phase shifter #1. For comparison, the solid curve

as well as the theoretical prediction of 33 seconds. This represents the signal which is not conjugated.

discrepanct implies that the particle size is somewhat
smaller for this suspension than the one employed in the and phase shifter #2 are inserted for proper adjustment of
birefringence experiments and is consistent with the the reference which is combined with the conjugate beam
smaller than expected reflectivity measurement. via a 10 dB directional coupler. Phase shifter #2 is ad-

Confinement inside a single mode waveguide prevents justed so that a maximum signal is shown on the lock-in
the propagation of wavefront perturbations in this exper- amplifier. As phase shifter #1 is varied, the signal at the
iment. Phase conjugation therefore reduces to one dimen- lock-in amplifier should not vary if the phase is truly cor-
sion, capable only of correcting for longitudinal phase er- rected by the phase-conjugation process. In these mea-
ror. A phase shifter can be used to induce this phase error surements, the actual dynamics of the phase correction
by inserting it in the probe's path before the H-plane port process is observed due to the slow response of the me-
of OMT #1, as shown in Fig. I. The phase information dium (time constant - 10 s). The signal first decreases
of the conjugate signal can be obtained by comparing it and then returns to its initial value as phase shifter #1 is
with a reference which is taken from the TWT amplifier varied. Fig. 6 shows the equilibrium conjugated signal
via a 20-dB directional coupler. Variable attenuator #3 power (circles) as a function of the settings of phase shif-
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ter #1. For comparison, the solid curve represents the sig- erated by polarized radiation. These electrostrictive
nal which is not conjugated. The same experiment was torques are similar to those discussed in this paper as they
conducted on the secondary peak at 50 MHz, and phase rotate the particles into a preferred direction set by the net
conjugation was again observed, polarization vector of the incident radiation. Rotation of

. Athe particles gives rise to orientation index gratings that
IV. DISCUSSI~ON AND CONCLUIsONS can be used for active optical processes.

Until now nonlinear optics has focused on visible and In conclusion, we note that in the past te( years optical
infrared wavelengths. This is due to the lack of suitable phase conjugation, at visible and infrared wavelengths,
materials that can be used as the active medium in the has stirred intense interest in the scientific and engineer-
microwave/millimeter wave region of the spectrum. In ing communities. This attention arises from the funda-
particular, since K C X _', there is a nine orders of mag- mental scientific significance as well as the vast number
nitude decrease in K. due to the increase in X that one of important applications for this process. Until these
encounters in going from the visible to the microwave re- studies were initiated very little had beer achieved with
gion of the spectrum. These considerations suggest that regards to generating phase conjugate radiation at micro-
phase conjugation cannot be achieved at long wave- wave and millimeter wavelengths. This statement is un-
lengths, unless novel materials can be found to overrome derscored by the enormous investment in communication
these difficulties. and other equipment that modern nations have in this re-

Our studies indicate that shaped particle suspensions are gion of the spectrum. Obvious applications to radar, nay-
well suited for achieving certairdclasses of nonlinear op- igation and microwave communications as well as the sa-
tical phenomena at microwave and millimeter wave- lient scientific value of materials research and fundamental
lengths. Specifically, since they are highly polarizabie nonlinear optics justifies detailed research into achieving
their third-order susceptibilities are very large, approxi- microwave phase conjugation. We hope tiat this work
mately nine orders of magnitude greater than CS,. Thus. demonstrates the feasibility of working in this area and
low microwave power sources will generate large changes will stimulate research towards phase conjugation at these
in the dielectric constant of the suspension. This feature long wavelengths in other nonlinear media.
of suspension electrodynamics can be readily exploited
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